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Introduction 

Data collection has continued from both the polar orbiting NOAA satellites and the 
geostationary GOES satellite. The collection of these data and cloud analyses are done 
automatically on the McIDAS at the University of Wisconsin-Madison. Two analyses of these data 
have been completed in the last year which will be discussed in this report. 

A paper summarizing the global cloud statistics entitled "Four Years of Global Cirrus 
Cloud Statistics Using HIRS" has been published in the December, 1994, issue of the Journal of 
Climate. A copy is enclosed as Appendix A. The data collected and method of analysis are also 
discussed in that paper. The significant findings reported in this paper are: 

a. Cirrus clouds are very common and were found in 42% of the satellite data. There are 
seasonal changes in the locations of the most frequent cirrus which follow seasonal changes in 
convective clouds. However, very thin cirrus occurred at least 10% of the time in all areas. The 
diurnal cycle of cirrus was very small over the oceans. The diurnal cycle of cirrus over land was 
found to follow the diurnal cycle of convective clouds in a previous study using the GOES data. 

b. A large increase in cirrus and high cloud cover was found in 1991. This cloud cover 
increase appeared with the strong El Nino Southern Oscillation climatic event. A volcanic 
eruption also occurred in 1991 which may have enhanced this cloud cover change. It should be 
noted that the total cloud cover of all cloud forms did not change during this period. Cloud free 
observations continued to be 23% of the data before and after the high cloud change. 

Summaries of these cloud data have been given to Al Boehm of STC and to Ian Robinson 
and Donald Rudy of the Aerospace Corporation for their studies of cloud cover. Their analyses of 
these data were published in Aerospace Report No. ATR-94(8019-1), "Frequency of Cloud Cover 
at Altitude: Implications for Surveillance Systems" by Robinson, Rudy and Gonzalez. 

A comparison of our could data is also being made to two other satellite cloud 
climatologies with similar and complementary information. The International Satellite Cloud 
Climatology Project (ISCCP) has compared their cloud statistics to ours. A paper is being drafted 
by a NASA group on this comparison. The conclusions will be that we find similar geographical 
distributions of cirrus along with similar seasonal changes. However, the frequency of cirrus and 
other cloud forms are less in the ISCCP analysis than ours. 

A comparison with the Stratospheric Aerosol and Gas Experiment (SAGE) cloud data is 
being made. The first results show similar frequencies of high clouds in both data sets. 

We have compared our satellite data to lidar observations of clouds. A paper describing 
the first results of this comparison is included in Appendix B. It shows that the optical depth 
calculations from satellite infrared data agree with similar optical depths measured in visible 
wavelengths by the lidar. This study also found the cloud height calculated from the C02 Slicing 
Algorithm represents the denser part of semi-transparent cirrus clouds rather than the height of 
the cloud top. This cloud level is more useful for radiative transfer calculations than the cloud top 
height. 
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ABSTRACT 

Trends in global upper-tropospheric transmissive cirrus cloud cover are beginning to emerge from a four- 
year cloud climatology using NOAA polar-orbiting High-Resolution Infrared Radiation Sounder (HIRS) mul- 
tispectral data. Cloud occurrence, height, and effective emissivity are determined with the CO2 slicing technique 
on the four years of data (June 1989-May 1993). There is a global preponderance of transmissive high clouds, 
42% on the average; about three-fourths of these are above 500 hPa and presumed to be cirrus. In the ITCZ. a 
high frequency of cirrus (greater than 50%) is found at all times; a modest seasonal movement tracks the sun. 
Large seasonal changes in cloud cover occur over the oceans in the storm belts at midlatitudes: the concentrations 
of these clouds migrate north and south with the seasons following the progressions of the subtropical highs 
(anticyclones). More cirrus is found in the summer than in the winter in each hemisphere. 

A significant change in cirrus cloud cover occurs in 1991, the third year of the study. Cirrus observations 
increase from 35% to 43% of the data, a change of eight percentage points. Other cloud forms, opaque to 
terrestrial radiation, decrease by nearly the same amount. Most of the increase is thinner cirrus with infrared 
optical depths below 0.7. The increase in cirrus happens at the same time as the 1991-92 El Nino/Southern 
Oscillation (ENSO) and the eruption of Mt. Pinatubo. The cirrus changes occur at the start of the ENSO and 
persist into 1993 in contrast to other climatic indicators that return to near pre-ENSO and volcanic levels in 
1993. 

1. Introduction (Wylie and Menzel 1989; Menzel et al. 1992) cloud 
_,. , • „   • , ,   , studies. 
Cirrus clouds are crucially important to global ra-        This paper reports Qn the investigation of seasonal 

diative processes and the thermal balance of the earth; changes jn semitransparent or cirrus g]obal cloud cover 

they allow solar heating while reducing infrared radia- whh multispectra] observations from polar orbiting 
tion cooling to space. Models of chmate changes must HIRS (High-Resolution Infrared Radiation Sounder). 
correctly simulate these clouds to properly account for clouds       ia„   tnm        nt to terrestrial radiation are 
radiometnc effects in the earth s energy budget. Past ted from douds in four.year statistics of 
estimates of the variation of cloud cover and the earth s doud CQver (w he and Menzd 19g9)  Transmissive 

outgoing longwave radiation have been derived pn- or dmis douds ar£ found in rou^  4Q% of ^ ^^ 
manly from longwave infrared window (10-12 /xm) or,ser atf> c 
radiances observed from polar-orbiting and geosta-        ^.,    UIDC   , ..       ... ,       ,.    .,     , 

^ ...     ,„ jT    •   .nnnr'   if       J        The HIRS observations in the carbon dioxide ab- 
tionary satellites (Rossow and Lacis 1990; Gruber and       _..      u    J   * 1 c J *       11*   *u ^1       I««»«   01 ^   1   ,nooi   -T-t. c sorption band at 15 um are used to calculate these Chen 1988; Stowe et al. 1988). The occurrence of ,     ,   . .. ..     -p,    J;„    ,. .       ,     .4, ,    , . ..',,, ,      ,     .   ,.   ., cloud statistics. The C02 slicing algorithm calculates 

both cloud-top pressure and effective emissivity from 
transmissive clouds has been underestimated in these 
single-band approaches. Recently, multispectral tech-        ,.   .     A       .       •    • ,     ,r   .       ^^    ,     -^ 
niques have been used to better detect cirrus clouds in    l^13^ transfer pnnciples Various C02 algonthms 
global (Wu and Susskind 1990) and North American    ^been,dfQ

c"b*tV fwM (    Sfc     C Smith et al. 1974; McCleese and Wilson 1976; Smith 
  and Platt 1978; Wielicki and Coakley 1981; Menzel et 

r ,.       ,.       .,      r. D w r   c       c- A al. 1983) and applications to data from the geostation- Correspondtng author address: D. P. Wylie. Space Science and ' **L r,rlr,0_ ,,,..,. c ■ 
Engineering Center, University of Wisconsin-Madison. 1225 West arY sounder VAS [VISSR (Visible and Infrared Spin 
Dayton Street, Madison, wi 53706. Scan Radiometer) Atmospheric Sounder] and the po- 

h 
© 1994 American Meteorological Society 
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lar orbiting sounder HIRS have been published (Wylie 
and Menzel 1989; Menzel et al. 1986; Susskind et al. 
1987; Menzel et al. 1989; Eyre and Menzel 1989). 

2. Technique 

Cirrus clouds often appear warmer in the infrared 
window band than the ambient air temperature at their 
altitude because they are transmitting radiation from 
below. This occurs in more than 40% of the satellite 
data, of which roughly half is often misinterpreted as 
lower noncirrus clouds. The C02 slicing technique is 
capable of correctly identifying most of these clouds. 
Using the HIRS infrared bands with partial C02 ab- 
sorption, cloud-top pressure and effective emissivity 
are calculated for each observational area. Carbon 
dioxide slicing does not estimate cloud-base pressure. 
Partially transmissive clouds are distinguished during 
daylight and night over water and land. The description 
of the technique and details of its application with 
HIRS data are presented in Menzel et al. (1986) and 
Menzel et al. (1989) and are repeated in appendix A 
of this paper; there are similarities to the application 
with VAS data described in Wylie and Menzel (1989). 

Effective emissivity refers to the product of the frac- 
tional cloud cover N and the cloud emissivity e for 
each observational area (roughly 20 km X 20 km). 
When Ni is less than unity, HIRS may be observing 
broken cloud (N < 1, e = 1), overcast transmissive 
cloud (N = 1, e < 1), or broken transmissive cloud (N 
< 1, t < 1). All of these possibilities imply an obser- 
vation where the HIRS radiometer detects radiation 
from below a cloud layer as well as radiation from the 
cloud-layer top. All observations where the effective 
emissivity is less than 0.95 are labeled as "cirrus" in 
this paper. Effective emissivity observations greater 
than 0.95 are considered to be opaque clouds. 

Cirrus usually are transmissive and exhibit spatial 
variations at scales ranging from hundreds of kilo- 
meters to smaller than the field of view (FOV) of the 
instrument. The assumption is that more of the semi- 
transparency for a given field of view is due to cloud 
emissivity being less than 1 than due to the cloud not 
completely covering the field of view. Comparison 
of Advanced Very High Resolution Radiometer 
(AVHRR) 1-km resolution cloud data and HIRS 20- 
km resolution cloud effective emissivity determinations 
supports this. For effective emissivity determinations 
greater than 0.50, almost all of the variation from one 
FOV to another is caused by changes in emissivity and 
not cloud fraction. For effective emissivities less than 
0.50, most of the variation is still being caused by 
changes in cloud emissivity fraction, but some is now 
being caused by changes in cloud fraction. Appendix 
B presents this comparison. Thus, for most synoptic 
regimes, especially in the Tropics and subtropics, this 
assumption appears reasonable and is supported in the 
literature (Wielicki and Parker 1992; Baum et al. 
1992). 

In multiple cloud layers, the technique is limited to 
finding the height of only the highest cloud layer. Mul- 
tiple layers often can be inferred from inspection of 
neighboring pixels where holes in the upper layer occur. 
Comparison to cloud reports from ground observers 
indicates that 50% of the time when the C02 technique 
detects an upper-tropospheric cloud, one or more lower 
cloud layers also is present (Menzel and Strabala 1989). 
When an opaque cloud underlies a transmissive cloud, 
the height of the transmissive cloud is estimated to be 
too low by as much as 100 hPa (Menzel et al. 1992). 
The largest error occurs when the underlying opaque 
layer is in the middle troposphere (400-700 hPa) and 
the upper-cirrus layer is very thin. The error is small 
when the opaque cloud is near the surface or close to 
the upper-transmissive layer. The error in effective 
emissivity of the transmissive cloud increases as the 
opaque layer approaches the transmissive layer; when 
they are coincident, the effective emissivity is set to 1. 

The processing procedure is outlined briefly here. 
More details are given in appendix A. Carbon dioxide 
slicing cloud-top pressures are calculated when the 
cloud forcing (clear minus cloudy radiance is greater 
than five times the instrument noise level); otherwise, 
the infrared window temperature is used to determine 
an opaque cloud-top pressure. Fields of view are de- 
termined to be clear if the moisture corrected 11.1-^m 
brightness temperature is within 2.5°C of the known 
surface temperature. [Over land this is inferred from 
the National Meteorological Center (NMC) Medium 
Range Forecast (MRF) model analysis; over the oceans 
this is the National Oceanic and Atmospheric Admin- 
istration (NOAA) National Environmental Satellite 
Data and Information Service (NESDIS) sea surface 
temperature analysis.] 

In this four-year study, HIRS data from NOAA-10, 
NOAA-11, and NOAA-12 are sampled to include only 
data from every third FOV on every third line with a 
zenith angle less than 10°. With two satellites, about 
one-half of the earth is sampled each day. Morning 
orbits over land are rejected from the data because a 
good guess of the morning land surface temperature is 
unavailable, and therefore, discerning cloudy from 
clear FOVs is difficult. In the Arctic and Antarctic, the 
HIRS bands are inspected for the presence of surface 
temperature inversions, which are assumed to be in- 
dicators of clear sky. 

3. Global cloud statistics 

A statistical summary of over 15 million cloud ob- 
servations from HIRS between June 1989 through May 
1993 is shown in Table 1. High clouds above 400 hPa 
constitute 24% of the observations. Twenty-seven per- 
cent of the observations are of clouds between 400 and 
700 hPa. Low clouds below 700 hPa are found 26% of 
the time. Cloud-free conditions are found 23% of the 
time. Cirrus and transmissive clouds (with effective 
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TABLE 1. HIRS four-year global cloud statistics (June 1989-May 
1993) of the frequency of cloud observations for different heights 
and effective emissivities Ne. Here Ne < 0.25 corresponds to infrared 
optical depth r < 0.3: Ne < 0.5. T < 0.7; Ne < 0.75, r < 1.4; and Ne 
< 0.95, T < 3.0. Percentages are of the total number of observations, 
clear and cloudy combined. Clouds were not detected in 23.4% of 
the observations. 

Effective emissivity (%) 
All 

Level clouds <0.25 <0.50 <0.75 <0.95 >0.95 

<200 hPa 3.5% 1.2 0.4 0.3 0.7 0.9 
<300 hPa 9.6 2.3 1.9 1.6 2.1 1.7 
<400 hPa 10.8 2.5 2.3 2.2 2.4 1.4 
<500 hPa 11.0 2.3 2.5 2.6 2.5 1.1 
<600 hPa 8.2 1.4 2.2 2.5 0.7 1.4 
<700 hPa 7.8 0.6 1.2 1.7 0.7 3.6 
<800 hPa 7.6 0.2 0.4 0.4 0 6.6 
<900 hPa 11.5 0 0 0 0 11.5 

<1000hPa 6.8 0 0 0 0 6.8 
Total 76.8 10.5 10.9 11.3 9.1 35.0 

emissivities less than 0.95) are found in 42% of our 
observations; they range from 100 to 800 hPa. The 
12% transmissive observations below 500 hPa are most 
likely broken clouds. Clouds opaque to infrared radia- 
tion (with effective emissivities greater than 0.95) are 
found 35% of the time. The global average cloud ef- 
fective emissivity (global average of Ne) is found to be 
0.54; Warren et al. (1988) report a global cloud fraction 
of 0.61 from ground observations. 

The frequency of different cloud observations is used 
to indicate the probability that a given HIRS FOV is 
found to contain a certain type of cloud. The frequency 
of all clouds over land is 67% versus 79% over ocean; 
the frequency of cirrus clouds over land is 39% versus 
43% over ocean. High clouds above 500 hPa prefer 
land over ocean (37% versus 34%). Thin clouds (Ne 
< 0.50 or infrared optical depth T < 0.7) prefer ocean 
over land (22% versus 18%). 

As the satellite views from above the atmosphere, 
high clouds are found in preference to low clouds. Bro- 
ken low cloud fields are reported as opaque low clouds 
because the C02 slicing technique is unable to estimate 
the cloud fraction below the sensitivity peaks in the 
C02 bands. Transmissive clouds cover the range of ef- 
fective emissivities from 0.0 to 0.95 fairly uniformly. 

The C02 slicing technique is subject to some errors 
that have been discussed in Menzel et al. (1992). The 
large observation area (20 km X 20 km) produces re- 
sults where transmissive cloud observations are over- 
estimated; cloud edges and clear sky within a FOV are 
incorrectly estimated to be transmissive clouds in 
roughly 5% of the FOVs. Conversely, the HIRS lack 
of sensitivity to very thin clouds in roughly 5% of the 
FOVs causes transmissive clouds to be incorrectly 
classified as lower opaque clouds (Wylie and Menzel 
1989). And finally, the top-down view of the satellite 
reveals high clouds in preference to lower occluded 

clouds. These errors are largely offsetting. Overall, the 
frequency of clear-sky observations in Table 1 is be- 
lieved to be valid within 3%. 

A similar multispectral analysis of transmissive 
clouds was previously published for continental United 
States using Geostationary Operational Environmental 
Satellite (GOES)/VAS data (Wylie and Menzel 1989; 
Menzel et al. 1992). A comparison of the C02 slicing 
analysis of coincident data from both the GOES-VAS 
and NOAA-HIRS is shown in appendix C. The two 
analyses find similar frequency of clear sky. However, 
the HIRS data produce more transmissive cloud ob- 
servations than the VAS. We suspect that these differ- 
ences appear because the radiance noise of the HIRS 
is less than that of the VAS, and hence, HIRS cloud 
parameters for thin clouds will be determined more 
often from C02 slicing and less often from the infrared 
window. When observed and clear FOV radiance ob- 
servations differ by less than five times the noise in the 
radiometric measurements, low opaque clouds are in- 
ferred. The smaller radiometric noise of the HIRS al- 
lows it to produce C02 slicing solutions for thin clouds 
more consistently. In addition, the larger HIRS FOV 
reduces the ability of the HIRS to find breaks or holes 
in the upper-level cloud fields. The VAS with a smaller 
FOV is able to report more of these holes, whereas the 
HIRS averages them with the cloud field. These two 
differences would cause the HIRS to indicate more 
transmissive clouds than the VAS. 

Comparison with the results of the International 
Satellite Cloud Climatology Project (ISCCP) reveal that 
this HIRS multispectral analysis is finding roughly 
twice as many transmissive clouds as the ISCCP visible 
and infrared window analysis. Jin and Rossow (1994) 
studied collocated ISCCP and HIRS results for four 
months (July 1989, October 1989, January 1990, and 
April 1990); HIRS finds 76% cloud cover (80% over 
water and 65% over land), while ISSCP finds 63% cloud 
cover (68% over water and 51% over land). Most of 
this difference is attributed to HIRS detection of op- 
tically thin clouds (infrared optical depth less than 0.7); 
HIRS finds 17% while ISSCP finds only 7%. However, 
HIRS finds about 3% less low opaque cloud than ISSCP 
(22% versus 25%, respectively). Hartmann et al. (1992) 
present one year (March 1985-February 1986) of 
ISSCP data and find semitransparent cloud (visible 
optical depth less than 9.4, which corresponds roughly 
to infrared optical depth less than 4.7)21% of the time; 
HIRS finds 42% in the four years of this study (June 
1989-May 1993). HIRS finds twice as much semi- 
transparent cloud as ISCCP high in the atmosphere 
(21% to 10%, respectively) and at midlevels (21% to 
11%, respectively). HIRS finds less opaque cloud at 
high and middle levels above 700 hPa than ISSCP (10% 
to 15%, respectively), but the low-cloud detection is 
comparable (25% to 26%, respectively). HIRS finds 
less clear sky in the four years than the one year of 
ISSCP that Hartmann et al. (1992) studied (23% to 
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TABLE 2a. The HIRS global cloud cover from all four years (June 
1989-May 1993). Here Ne refers to effective emissivity. and T refers 
to the corresponding infrared optical depth. Numbers are frequency 
of cloud cover: over 15 000 000 observations are included. 

TABLE 2b. The HIRS global cloud cover in the boreal summer 
from all four years (June 1989-May 1993). Here Nt refers to effective 
emissivity, and T refers to the corresponding infrared optical depth. 
Numbers are frequency of cloud cover; over 3 300 000 observations 

Effective emissivitv 
are included. 

(1R optical depth) Effective emiss vity 
(iK optical aeptn) 

Thick 
Thick 

Thin         0.5 < Ne Opaque 
<0.95 Thin         0.5 < Nt Opaque 

Nt < 0.50      0.7 < T Nt > 0.95 <0.95 
Level None T < 0.7          < 3.0 r>3.0 Nt < 0.50      0.7 < r Ne > 0.95 

Level No T < 0.7         < 3.0 T> 3.0 
High < 400 hPa 11                  9 4 
Middle < 700 hPa 10                11 6 High < 400 hPa 11                  9 4 
Low < 1000 hPa 1                  0 25 Middle < 700 hPa 10                10 5 

Total 23 42 35 Low < 1000 hPa 0                 0 26 
(Clear) (Cirrus) (Opaque) Total 25 

(Clear) 
40 

(Cirrus) 
35 

(Opaque) 

36%, respectively). Both of these comparisons point 
to the ISSCP difficulty in detecting thin transmissive 
clouds; if one were to exclude clouds with infrared op- 
tical depths less than 0.7 from the HIRS data (roughly 
20% of the observations) and increase the frequency 
of low opaque clouds in the HIRS data (adding roughly 
5%), all adjusted HIRS cloud categories would agree 
with Jin and Rossow (1994) and Hartmann et al. 
(1992) to within a few percent. 

4. Seasonal and geographical trends 

Table 2 presents the seasonal variation of clouds by 
classifications of clear sky, thin clouds (Ne < 0.5), thick 
clouds (0.5 < Ne < 0.95), and opaque clouds (Ne 
> 0.95) and by height categories of high (cloud pressure 
less than 400 hPa), middle (cloud pressure between 
400 and 700 hPa), and low (cloud pressure greater 
than 700 hPa). The all-season four-year summary is 
also included for comparison. Little variation is found 
in the global boreal summer versus winter cloud sta- 
tistics. A few percent more cirrus and less clear sky are 
found in the boreal winter. Hartmann et al. (1992) 
report similar seasonal statistical differences. 

Figure 1 shows the geographical distribution of cirrus 
clouds in the summer and winter seasons (darker re- 
gions indicate more frequent cloud occurrence). The 
months of December, January, and February were 
summarized for the boreal winter (austral summer) 
and the months of June, July, and August were used 
for the boreal summer (austral winter). The seasonal 
summaries were compiled using a uniformly spaced 
grid of 2° latitude by 3° longitude. Each grid box for 
each season has at least 500 observations. 

The major features of the four-year summary have 
not changed appreciably from those reported in the 
two-year summary (Wylie and Menzel 1991). The in- 
tertropical convergence zone (ITCZ) is readily dis- 
cernible as the region of more frequent cirrus (darker 

band in the Tropics); the midlatitude storm belts are 
also evident. The ITCZ is seen to move north with the 
sun. This seasonal migration is also apparent in the 
latitudinal summaries shown in Fig. 2. The subtropical 
high pressure systems are seen in the region of less 
frequent cirrus cover (white band in the subtropics). 
Over the Indonesian region, the ITCZ expands in lat- 
itudinal coverage from boreal winter to summer. In 
the central Pacific Ocean, the ITCZ shows both a 
southern and northern extension during the boreal 
winter months. 

In the Southern Hemisphere, the eastern Pacific 
Ocean off South America and the eastern Atlantic 
Ocean off Africa remain relatively free of cirrus clouds 
throughout the year. The Southern Hemispheric storm 
belt is evident throughout the year. In the Northern 
Hemisphere midlatitude storm belts, the frequency of 
cirrus clouds increases during the winter with the 

TABLE 2C. The HIRS global cloud cover in the boreal winter from 
all four years (June 1989-May 1993). Here Nt refers to effective 
emissivity, and T refers to the corresponding infrared optical depth. 
Numbers are frequency of cloud cover; over 3 600 000 observations 
are included. 

No 

Effective emissivity 
(IR optical depth) 

Thick 

Thin         0.5 < Nt Opaque 

Level 

<0.95 
Ne < 0.50      0.7 < T 

T < 0.7         < 3.0 
Ne > 0.95 
v>3.0 

High < 400 hPa 
Middle < 700 hPa 
Low < 1000 hPa 

Total 23 
(Clear) 

11                10 
10                11 
0                 0 

42 
(Cirrus) 

4 
7 

24 
35 

(Opaque) 

7 
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FIG. 1. (a) The geographic frequency of transmissive clouds for 
the boreal summers (June, July. August) during the observation period 
June 1989 through May 1993. The left margin of the figure coincides 
with the international date line, (b) The geographic frequency of 
transmissive clouds for the boreal winters (December, January, and 
February) during the observation period June 1989 through May 
1993. 

strengthening of the Aleutian low in the North Pacific 
Ocean and the Icelandic low in the North Atlantic 
Ocean. The North American cirrus cloud cover shows 
little seasonal change, agreeing with a previous GOES/ 
VAS analysis (Menzel et al. 1992). Large convective 
development occurs during the austral summer (boreal 
winter) in South America and Africa, which is readily 
apparent in the increased occurrence of high-cirrus 
clouds. 

A large seasonal change is found over Antarctica, 
where few clouds of any altitude are reported in the 
austral winter. The HIRS data do not show polar 
stratospheric clouds that occur commonly over Ant- 
arctica in the months of June, July, and August. Polar 

stratospheric clouds apparently do not attenuate the 
HIRS bands sufficiently to mask out the strong inver- 
sions below them. 

These seasonal changes in geographical distribution 
of global transmissive clouds are largely in agreement 
with the one-year ISSCP results shown in Hartmann 
et al. (1992). The ITCZ expands in the Indonesian 
region in the boreal summer, the Icelandic low creates 
more cirrus in the boreal winter, convective develop- 
ment in South America and Africa is obvious in the 
austral summer, and the eastern Atlantic and Pacific 
Oceans in the Southern Hemisphere stay mostly free 
of cirrus clouds year-round. As discussed previously, 
the ISSCP data indicate about half the transmissive 
clouds that the HIRS data does. 

Upper-tropospheric clouds (above 500 hPa) are dis- 
cussed in the following paragraphs. Figure 2 shows the 
zonal distribution of high clouds, which includes both 
the transmissive and opaque clouds (30% and 5% of 
all observations, respectively). The frequent occurrence 
of high clouds in the ITCZ is prominent as the central 
maximum; the midlatitude storm belts are evident in 
the secondary maxima. Seasonal shifts in the ITCZ are 
apparent over both land and ocean as the ITCZ moves 
north and south with the sun. The frequency of high 

HIGH CLOUDS OVER OCEANS 

December-February 

June-August 

o'— 
-90 

HIGH CLOUDS OVER LAND 

December-February 

June-August 

FIG. 2. The frequency of high clouds (cloud pressure < 500 hPa) 
over ocean is shown in the upper panel as a function of latitude for 
the boreal summers (June, July, August) of 1989-92 and winters 
(December. January, February) 1989-93 expressed as a fraction of 
all satellite observations, clear and cloudy combined. The same over 
land is shown in the lower panel. 
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LIGHT CIRRUS OVER OCEANS 

£       40 

December-February 

June-August 

LIGHT CIRRUS OVER LAND 

December-February 

June-August 

0 
LATITUDE 

FIG. 3. The frequency of thin transmissive clouds (Nt < 0.5, T 
< 0.7) over ocean is shown in the upper panel as a function of latitude 
as a fraction of all satellite observations, clear and cloudy combined. 
Land is shown in the lower panel. 

TABLE 3b. The change in H1RS global cloud cover from year 2 
(June 1990-May 1991) to year 3 (June 1991-May 1992). Numbers 
are frequency of cloud cover in summer and winter of year 3 minus 
the same in year 2. 

Effective emissivity (IR optical depth) 

Thin Thick Opaque 

Level 
Nt < 0.50 
T<0.7 

0.5 < Ne < 0.95 
0.7 < T < 3.0 

Ne > 0.95 
T>3.0 

High < 400 hPa 
Middle < 700 hPa 
Low < 1000 hPa 

Total 

4 
2 
0 
6 

1 
1 
0 
2 

0 
-2 
-5 
-7 

distribution of high cloud is in very good agreement 
with the ISSCP data, when clouds with infrared optical 
depth less than 0.7 are omitted from the HIRS data. 

Light cirrus show smaller seasonal changes. The lat- 
itudinal distribution of thin transmissive (Nt < 0.5 or 
infrared optical depth T < 0.7) clouds over ocean and 
over land is shown in Fig. 3. The occurrence is some- 
what more likely over the ocean; this disagrees with 
Warren et al. (1988), who found more cirrus over land 
than ocean in their ground-based observations. A 
modest peak from 10°S to 10°N is evident over both 
land and ocean. Thin transmissive clouds appear glob- 
ally with a frequency of 5%-40%. 

clouds over land increases strongly from the equator 
to 30°S during the austral summer. The main contrib- 
utors are the Amazon Basin of South America and the 
Congo of Africa. The high clouds over the Southern 
Hemispheric storm belt, primarily over the oceans from 
30° to 70°S, remain constant throughout the year. The 
Northern Hemispheric landmasses from 45° to 65°N 
also show little seasonal change in high-cloud cover. 
Jin and Rossow (1994) indicate that the HIRS zonal 

TABLE 3a. The change in HIRS global cloud cover from year 1 
(June 1989-May 1990) to year 2 (June 1990-May 1991). Here Nt 
refers to effective emissivity, and T refers to the corresponding infrared 
optical depth. Numbers are frequency of cloud cover in summer and 
winter of year 2 minus the same in year 1; negative numbers indicate 
a decrease in cloudiness while positive numbers indicate an increase. 

5. Trends in the four years 

The progression of cloud cover from year 1 (June 
1989-May 1990) to year 2 (June 1990-May 1991), 
from year 2 to year 3 (June 1991-May 1992), and 
from year 3 to year 4 (June 1992-May 1993) is shown 
in Table 3. Thin cloud refers to Ne < 0.5 (infrared 
optical depth T < 0.7) and thick refers to 0.5 < Ne 
< 0.95 (0.7 < T < 3.0). The change from year 1 to 
year 2 is imperceptible. The change from year 2 to year 
3 is large and very obvious; opaque clouds decrease by 
7% and cirrus increases by 8%. Cirrus appears much 

TABLE 3C. The change in HIRS global cloud cover from year 3 
(June 1991-May 1992) to year 4 (June 1992-May 1993). Numbers 
are frequency of cloud cover in summer and winter of year 4 minus 
the same in year 3. 

Effective emissivity (IR optical depth) 

Level 

Effective emissivity (IR optical depth) 

Thin Thick Opaque 

Nt > 0.95 
T>3.0 

Thin Thick Opaque 

Level 
Ne < 0.50 

T <0.7 
0.5 <Ne< 0.95 

0.7 < T < 3.0 
Nt < 0.50 

T <0.7 
0.5 < Nt < 0.95 

0.7 < T < 3.0 
Nt > 0.95 
r>3.0 

High < 400 hPa 
Middle < 700 hPa 
Low < 1000 hPa 

Total 

0 
0 
0 
0 

1 
-1 

0 
0 

-1 
0 
0 

-1 

High < 400 hPa 
Middle < 700 hPa 
Low < 1000 hPa 

Total 

0 
2 
0 
2 

0 
-1 

0 
-1 

0 
0 
2 
2 



JOURNAL  OF  CLIMATE VOLUME 7 

more frequently in the year 3 data than in previous 
years; conversely opaque cloud appears much less fre- 
quently. The probability of clear sky remains stable. 
The change from year 3 to year 4 is small; cloud cover 
increases by approximately 3%. 

The geographical distribution of the difference in 
the probability of cirrus occurring in the boreal summer 
of 1990 minus boreal summer 1989 is shown in Fig. 
4a (upper-left panel). Differences greater than 12% are 
scattered about, with no discernible pattern. Coherent 
changes are apparent only in the Timor Sea off the 
northwest coast of Australia (where a decrease of cirrus 
occurs) and in the Pacific Ocean east of Papua New 
Guinea (where an increase of cirrus occurs). Figure 
4b shows the corresponding difference for the boreal 
winters of 1990/91 minus 1989/90 (upper-left panel). 
Again there is not very much difference. The only fea- 
tures are the increase of cirrus in the Coral and Timor 
Seas and the decrease of cirrus in the Indian Ocean 
west of Australia (representing a westward shift from 
Fig. 4a). 

A change in cirrus coverage in the summer of 1991 
with respect to the summer of 1990 is obvious (Fig. 
4a upper-right panel). Coherent increases of cirrus 
greater than 12% are apparent along the southern edge 
of the ITCZ, in the southern midlatitudes, the Indian 
Ocean, and eastern Africa. Decreasing cirrus is indi- 

cated in the higher latitudes of the Southern Hemi- 
sphere. The boreal winter 1991/92 shows an even 
stronger increase in cirrus with respect to the winter 
1990 /1991 (Fig. 4b upper-right panel). The largest in- 
creases are in the central Pacific Ocean, the Indian 
Ocean, and the Northern Hemisphere midlatitudes. 
The central Pacific Ocean is also the location of an El 
Nino event where sea surface temperature anomalies 
greater than 2.0°C were reported in January 1992. 

The patterns of increasing cirrus in the boreal sum- 
mer 1991 are consistent with the decrease in net ra- 
diation from the Earth Radiation Budget Experiment 
(ERBE) for August 1991 observations compared to 
the August average for the previous five years, especially 
over the Amazon, the central Atlantic Ocean, the Af- 
rican Congo, off the east African coast, the southern 
Indian Ocean, and the central Pacific Ocean (Minnis 
et al. 1993). In this HIRS study, more thin cirrus was 
found after the eruption of Mt. Pinatubo at the expense 
of opaque cloud. This is consistent with the hypothe- 
sized indirect effect of aerosols, which would cause 
more high thin cirrus cloud to be produced and to be 
longer lasting (Sassen 1992). 

In the fourth summer of this study, a slight cirrus 
decrease (Fig. 4a, lower-left panel) is found in the 
southerly latitudes (50°-75°S) and in the Atlantic 
Ocean off the east coast of Africa. Elsewhere there is 

June through August 1990-1989 difference June through August, 1991-1990 difference 

June through August, 1992-1991 difference 

> 25% increase 

12.5% to 25% increase 

12.5% increase to 12.5% decrease 

12.5% to 25% decrease 

> 25% decrease 

FlG. 4. (a) The geographical distribution of the difference in the probability of cirrus in the four boreal summers, 1990 minus 1989 (upper- 
left panel). 1991 minus 1990 (upper-right), and 1992 minus 1991 (lower-left). The boreal summer includes the months of June. July, and 
August. 
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Dec. through Feb., C90-'91)-C89-'90) difference Dec. through Feb., (,91-'92)-('90-,91) difference 

^—• *' " .  --i r—■  *■ \. *u 

Dec. through Feb., (,92-'93)-('91-'92) difference 

> 25% increase 

12.5% to 25% increase 

12.5% increase to 12.5% decrease 

12.5% to 25% decrease 

> 25% decrease 

FIG. 4. (b) The geographical distribution of the difference in the probability of cirrus occurring in the four boreal winters Winter 1990/ 
91 minus winter 1989/90 (upper-left panel), winter 1991/92 minus 1990/91 (upper-right panel), and winter 1992/93 minus 1991/9? (lower- 
left panel). Boreal winter includes the months of December. January, and February. 

no recognizable pattern. Finally, Fig. 4b (lower-left 
panel) shows the difference for the boreal winters 1992 / 
93 minus 1991/92. Cirrus probability decreases no- 
ticeably in the central Pacific Ocean (the location of a 
dramatic increase in sea surface temperature the pre- 
vious winter), in the Gulf of Mexico and Central 
America (in contrast to the increase in the previous 
year), and off the west coast of Australia in the Indian 
Ocean (again the location of a noticeable increase the 
previous year). This last winter appears to be com- 
pensating for the local increases in cirrus from the pre- 
vious winter. 

The cirrus increase in 1991 (year 2 to year 3) is 
in concert with two major global events that affected 
most climatic data. They are summarized in Halpert 
and Ropelewski (1993). The first major event started 
in April 1991, when an increase in eastern Pacific 
Ocean temperatures signaled the start of an El Nino- 
Southern Oscillation (ENSO) event. Subsequently, 
by October 1991, outgoing longwave radiation 
(OLR) measurements from satellites and 850-hPa 
wind observations showed large anomalies from cli- 
matic means. By January 1992, sea surface temper- 
ature anomalies in the eastern equatorial Pacific 
Ocean were greater than 2.0°C (Kousky 1992). The 
second major event came in June 1991 with the 
eruption of Mt. Pinatubo, which set new records for 

ash and aerosol in the stratosphere. Aerosol optical- 
depth measurements by Stowe et al. (1992) showed 
a dramatic increase in the Tropics in the following 
months. This aerosol later spread to higher latitudes 
by the end of the year. 

Figure 5 shows the monthly changes in these HIRS 
high-cloud data for the four years. A major increase in 
global high clouds (solid line in Fig. 5) begins in April 
1991, coincident with the change in eastern Pacific 
Ocean temperatures. The frequency of high-cloud ob- 
servations (above 500 hPa) increases from 32% in 
March 1991 to 37% in June 1991 to 39% in December 
1991. The largest high-cloud increases are in the Trop- 
ics (20°S to 20°N). Tropical high-cloud frequency in- 
creases from 34% in March 1991 to 40% in June 1991 
(long dash in Fig. 5), while tropical light cirrus (Ne 
< 0.5 or T < 0.7) increases even more from 23% in 
March 1991 to 31% in June 1991 (short dash in Fig. 
5). Examination of the local region in the eastern Pa- 
cific Ocean (10°S to 10°N, 110°W to 170°W) reveals 
even more dramatic changes (dot-dash in Fig. 5). Light 
cirrus observations change from near 25% frequency 
during the winter to over 40% in the summer. Seasonal 
and monthly changes are evident. In the boreal winter 
(December 1991 to February 1992) frequencies of 
55%-60% are found, well in excess of the previous 
years. 
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High Clouds 
65°S - 65°N 

Light Ci 
20°S - 20°N 

High Clouds 
20°S - 20°N 

Light Ci 
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FIG. 5. Monthly time series of high cloud (over 500 hPa) obser- 
vations from 65°S to 65°N latitude (solid line): light cirrus with Ne 
< 0 5 T < 0.7 in the Tropics from 20°S to 20°N (triple dash); all 
high clouds (over 500 hPa) in the Tropics. 20°S to 20°N (dash); and 
light cirrus (M < 0.5, r < 0.7) in the eastern Pacific Ocean from 
10°S to 10°N, 110° to 170°W (dash dot). 

Changes in the satellite system are not the cause of 
the increased detection of cirrus and high cloud. In 
June 1991, NOAA-12 replaced NOAA-10 as the sunrise 
and sunset satellite. NOAA-11, the midday and mid- 
night satellite, maintained continuous operation 
through this entire four-year period. Examination of 
NOAA-11 data reveals only the same changes. Thus, 
we conclude that the change in satellites had no effect 
on the trends evident in this data. The increase in 
stratospheric aerosol also should not have affected the 
cloud observations. The C02 sounding bands are in 
the 13-15 /mi region of the infrared spectrum, which 
is beyond the portion of the spectrum affected by these 
very small stratospheric particles (Ackerman and Stra- 
bala 1994). 

It is also significant that the increase in cirrus and 
high-cloud observations continue into 1993 with re- 
duction only in small areas. The other climatic indi- 
cators, such as the eastern Pacific Ocean temperatures, 
OLR, and 850-hPa wind anomalies, revert back to 
near-normal (average) levels by July 1992. The in- 
creased detection of cirrus in the HIRS data persists 
beyond 1992 into 1993. We do not have an explanation 
for this persistence but suggest that forces that cause 
and maintain cirrus [as described in Menzel et al. 
(1992)] are subtle and could be present even after other 
climatic anomalies have subsided. 

6. Diurnal trends 

Diurnal variations in cloud cover are examined using 
the four observations from the two NOAA satellites 
each day. NOAA-11 passes over a given location at 

approximately 0200 to 0300 LT and 1400 to 1500 LT 
(midnight and midday) every day while NOAA-10 and 
NOAA-12 have an overpass from 0700 to 0800 LT and 
1900 to 2000 LT (sunrise and sunset). These obser- 
vations are analyzed in four time blocks of six hours 
each. Differences in the frequency of cloud observations 
from the daily mean are presented in Fig. 6. The diurnal 
anomalies are expressed as the difference of the fre- 
quency of observation of cloud from the mean fre- 
quency using all observations at all times. Diurnal 
variations in cloud cover are discussed only over water. 
Over land, two of the four satellite passes are not an- 
alyzed each day because the NMC model analysis does 
not track the strong diurnal variations in surface tem- 
peratures, especially in many desert areas. Over the 
ocean, the diurnal surface temperature change is pre- 
sumed to be insignificant and the same NOAA/ 
NESDIS sea surface temperature analysis is used for 
each satellite pass in this cloud analysis. 

A diurnal cycle in all cloud observations (Fig. 6), 
both cirrus and lower-altitude cloud forms, is found 
mainly outside of the ITCZ. Maxima occur in the mid- 
night overpass. Geographical diurnal variations (not 
shown) are strongest in the southeastern Atlantic and 
Pacific Oceans. Some variations are present in the 

DIURNAL CHANGE OF ALL CLOUDS      June-August 

December-February 

o 
LATITUDE 

Midnight    —     Sunrise        Local Noon 

40 60 

     Sunset 

FIG. 6. The diurnal change from the seasonal mean of all cloud 
observations expressed as a change in percentage points of the total 
clear and cloudy observations. Midnight represents the NOAA-11 
evening pass that actually occurred between 0100 and 0300 LT. Sun- 
rise is the morning NOAA-10 or NOAA-12 pass nominally from 0700 
to 0800 LT. Local noon is the afternoon NOAA-11 pass from 1300 
to 1500 LT. Sunset is the evening NOAA-10 or NOAA-12 pass from 
1900 to 2000 LT. 
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northeastern Pacific Ocean, near the coasts of Califor- 
nia and Baja, and in the central Atlantic Ocean to the 
African coast. The cycle appears to be stronger during 
the summer and is dominated by lower-cloud forms, 
mostly marine stratus. 

High clouds (above 500 hPa) show little diurnal 
pattern (see Fig. 7). The frequency of these clouds 
changes by ±3 percentage points during the day at all 
latitudes. The largest diurnal variation is found near 
the ITCZ from the equator to 15°N in the boreal sum- 
mer. Thin cirrus (We < 0.5 or T < 0.7) exhibit even 
smaller diurnal variations with no obvious pattern. 

DIURNAL CHANGE OF HIGH CLOUDS June-August 

7. Summary and conclusions 

There continues to be a global preponderance of 
transmissive clouds 42% on the average for the four 
years covered by June 1989 to May 1993. About three- 
fourths of these are above 500 hPa and presumed to 
be cirrus. In the ITCZ, a high frequency of cirrus 
(greater than 50%) is found at all times; a modest sea- 
sonal movement tracks the sun. Large seasonal changes 
in cloud cover occur over the oceans in the storm belts 
at midlatitudes; the concentrations of these clouds mi- 
grate north and south with the seasons following the 
progressions of the subtropical highs (anticyclones). 
More cirrus is found in the summer than in the winter 
in each hemisphere (largely due to the ITCZ). 

Large changes in cirrus and high cloud cover are 
found beginning in the spring-summer 1991. These 
cloud frequency increases occur in concert with the 
1991/92 ENSO and the Mt. Pinatubo volcanic erup- 
tion. Associated changes include an increase in sea sur- 
face temperature starting April 1991, anomalies in 
outgoing longwave radiation and 850-hPa winds 
around October 1991, and a dramatic increase in 
stratospheric aerosol after June 1991. The cirrus and 
high-cloud increase starts before Mt. Pinatubo's erup- 
tion and persists beyond the summer of 1992, at which 
time the ENSO anomalies are mostly gone and strato- 
spheric aerosol measurements are near their preemp- 
tion levels. Decreases in cirrus are seen in local regions, 
but higher occurrence of cirrus in the global average 
remains. There is no obvious explanation other than 
thin cirrus are statistically persistent and do not exhibit 
large seasonal changes outside of the Tropics, whereas 
other cloud forms do show large seasonal variations. 

The increase in cirrus and high cloud is accompanied 
by a corresponding decrease in satellite observations 
of lower-altitude opaque clouds; overall cloudiness 
changed very little during this period. Obviously, a sat- 
ellite detects lower cloud forms less when higher clouds 
become more prevalent. However, the trend reported 
in this paper of more transmissive high cloud and less 
low opaque cloud is loosely supported by appreciable 
decreases in precipitation in many regions of the world 
(Halpert and Ropelewski 1993) during the 1991/92 
ENSO and volcanic period. 

December-February 

FIG. 7. Same as Fig. 6 for the change in the frequency 
of high cloud observations (pressure <500 hPa). 

A similar increase in cloud cover also was reported 
in the 1982/83 ENSO by Weare (1992) using the 
Nimbus-7 infrared analysis of Stowe et al. (1988). An 
increase in both the amount of cloud (all altitudes) 
and the average cloud height was found. The height 
increase indicated more high cloud in late 1982 and 
most of 1983 during the height of the ENSO. This is 
a similar trend that this HIRS analysis finds for the 
1991/92 ENSO. We have no explanation for these 
changes in global cloud cover. This is the topic of future 
studies. 
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APPENDIX A 

Technique Description 

The HIRS radiometer senses infrared radiation in 
18 spectral bands that lie between 3.9 and 15 ^m at 
20-35 km resolution (depending upon viewing angle) 
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in addition to visible reflections at the same resolution. 
The four bands in the C02 absorption band at 15 /xm 
are used to differentiate cloud altitudes, and the long- 
wave infrared window band identifies the effective 
emissivity of the cloud in the HIRS FOV. 

The C02 slicing technique is derived from the cal- 
culation of radiative transfer in an atmosphere with a 
single cloud layer. For a single-level cloud element in 
an FOV, the radiance observed at the satellite _/?(??) in 
spectral band T\ can be written 

R(V) = (1 - Ne)lß[V, T(Ps)]r(V, Ps) 

+ £C {B[V,T(p)]dr/dp}dp\ 

+ NeBln, T(PC)]T(V, Pc) 

+  f   {B[r,,T(p)]dr/dp}dp,    (Al) 

where T(T), P) is the transmittance through the atmo- 
sphere for band 77, Ne is the effective emissivity of the 
cloud in the FOV, and B[y, T(P)] is the Planck func- 
tion for band 77 and temperature Tat pressure level P; 
Ps is the surface pressure, while Pc is the cloud-top 
pressure. The four terms in Eq. (Al) are the radiation 
emitted from the surface, the contribution from the 
atmosphere below the cloud, the cloud contribution, 
and the contribution from the atmosphere above the 
cloud. For a clear FOV (We = 0), the satellite measured 
radiance Rc]r is 

RclAv) = B[V, T(Ps)]r(V, Ps) 

+ f   {B[V, T(p)]dr/dp}dp.    (A2) 

Subtracting the clear FOV radiance RC]r(r]) from the 
cloudy FOV radiance /?(??) yields the following result: 

R(v) ~ RäÄv) = -NeB[v, T(PS)]T(V, PS) 

-Ni  \' {B[V,T(p)]dr/dp} 
•JPs 

dp 

+ NeB[V,T(Pc)]r(r,,Pc).    (A3) 

This is the cloud signal in the satellite measured ra- 
diances for spectral band r\; it is the radiance difference 
of the cloudy FOV from neighboring clear FOVs. A 
simplified equation, after integration by parts, is 

R(v) ~ RciÄv) 

= Ne(C {r(V,p)dB[V, T(p)]/dp}dp.     (A4) 
Jps 

Following the work of Smith and Platt (1978), the 
ratio of the cloud signal for two spectral bands of fre- 
quency 77] and 772 viewing the same FOV can be written 
as 

Rim) ~ RciAvi) 

"Pc 

JPs 
Ne,  P {T(m,p)dB[Vl,T(p)]/dp}dp 

JPs  

Ne2 ! C {r(V2,p)dB[r,2, T(p)]/dp}dp 
JP, 

(A5) 

If the frequencies are close enough together, then Nex 

approximates Ne2, and one has an expression by which 
the pressure of the cloud (Pc) within the FOV can be 
calculated without a priori knowledge of the emissivity. 

The left side of Eq. (A5) is determined from the 
satellite-observed radiances in a given FOV and the 
clear-air radiances inferred from spatial analyses of 
satellite clear radiance observations. The right side of 
Eq. (A5) is calculated from a temperature profile T(p) 
and the profiles of atmospheric transmittance for the 
spectral bands T(T?, P) as a function of Pc, the cloud- 
top pressure. The calculation uses global analyses of 
temperature and moisture fields from the NMC and is 
performed at 50-hPa intervals from 1000 to 100 hPa. 
For a given spectral-band pair, the solution for Pc is 
the best match of observed and calculated ratios. 

Once a cloud height has been determined, an effec- 
tive emissivity (also referred to as effective cloud 
amount in this paper) is evaluated from the infrared 
window-band data using the relation 

Ni = 
R(w)-Rch(w) 

B[w, T(Pc)]-RclT(wY 
(A6) 

Here, Nt is the effective cloud amount observed in the 
window band, w represents the window-band fre- 
quency, and B[w, T(PC)] is the opaque cloud radiance 
in the window band. 

Using the ratios of radiances of the four C02 spectral 
bands, four separate cloud-top pressures can be deter- 
mined (14.2/14.0, 14.0/13.7, 14.0/13.3, and 13.7/ 
13.3). Whenever (R — RclT) is within five times the 
noise response of the instrument (conservatively esti- 
mated at roughly 1 mW m~2 ster-1 cm), the resulting 
Pc is rejected. Using the measured infrared window 
radiance and the four cloud-top pressures, four cal- 
culations of effective emissivity are also made. As de- 
scribed by Menzel et al. (1983), the most representative 
cloud height and effective emissivity are those that best 
satisfy the radiative transfer equation for the four C02 

spectral bands. 
If no ratio of radiances can be reliably calculated 

because (R — i?c]r) is within five times the instrument 
noise level, then a cloud-top pressure is calculated di- 
rectly from the comparison of the HIRS observed 11.1- 
ixm infrared window-band brightness temperature with 
an in situ temperature profile, and the effective emis- 
sivity is assumed to be unity. In this way, all clouds 
are assigned a cloud-top pressure either by C02 or in- 
frared window calculations. 
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Fields of view are determined to be clear or cloudy 
through inspection of the 11.1 -pm brightness temper- 
ature with an 8.3- or 12.0-Atm band correction for 
moisture absorption. The band differences (11.1-8.3 
urn for NOAA-10 and NOAA-12, or 11.1-12.0 urn for 
NOAA-11) were used to lower the threshold for clear- 
cloudy decisions in areas where water vapor affected 
the window band. This threshold change varied from 
0°C near the poles in dry air masses to as high as 7°C 
in the moist tropical atmospheres. If the moisture-cor- 
rected 11. l-fim brightness temperature is within 2.5°C 
of the known surface temperature (over land this is 
inferred from the NMC MRF model analysis; over the 
oceans this is the NOAA/NESDIS sea surface tem- 
perature analysis), then the FOV is assumed to be clear 
(Pc = 1000 hPa) and no cloud parameters are calcu- 
lated. 

The HIRS data are calibrated and navigated by 
NOAA/NESDIS. These data are transmitted daily to 
the Man computer Interactive Data Access System at 
the University of Wisconsin-Madison. The HIRS data 
from NOAA-10, NOAA-11, and NOAA-12 are sampled 
to make the processing more manageable. Every third 
pixel on every third line is used. The data are also edited 
for zenith angle, eliminating data over 10° to assure 
top-down viewing of the clouds and to minimize any 
problems caused by the increased pathlength through 
the atmosphere of radiation upwelling to the satellite. 
The resulting coverage is restricted to approximately 
the center one-third of the orbit swath. With two sat- 
ellites, about one-half of the earth is sampled each day. 

Morning orbits over land are not used because the 
surface temperature analysis over subtropical deserts 
is often warmer than the HIRS data; this causes cloud- 
free areas to be mistaken as clouds. However, morning 
orbits over the oceans are used because no diurnal 
temperature change of the surface is assumed. 

In the Arctic and Antarctic, the HIRS bands are 
inspected for the presence of surface temperature in- 
versions. Over high-altitude areas of Antarctica and 
Greenland, the HIRS 700-hPa band is often warmer 
than the window band. We assume that this indicates 
the presence of surface inversions from radiative cool- 
ing under clear skies. Surface inversions normally can- 
not be seen by the HIRS, but over polar high-altitude 
continents, the thermal contrast between 700-hPa and 
the elevated surface is often large enough to be detected. 
When the 700-hPa band is warmer than the window 
band, the observation is classified as cloud free. When 
the 700-hPa band is within 2.0CC of the window band, 
we assume that both bands saw the top of a cloud and 
the observation is classified as cloudy. 

cloud layer as well as radiation from the cloud layer 
itself, we assume that more of the semitransparency 
for a given field of view is due to cloud emissivity being 
less than 1 than due to the cloud not completely cov- 
ering the HIRS 20-km field of view. In order to inves- 
tigate this assumption more thoroughly, the effective 
emissivities NeN from the HIRS C02 slicing are com- 
pared to cloud fractions NA inferred from 1-km 
AVHRR data. 

Figure Bl shows the plot of AVHRR cloud fraction 
NA (determined from the number of AVHRR FOVs 
where the moisture-corrected infrared window bright- 
ness temperatures is 2°C colder than NOAA/NESDIS 
sea surface temperature analysis within a collocated 
HIRS FOV) versus the HIRS C02 slicing effective 
emissivity NeH. Roughly 100 comparisons are made 
for data from 6 and 12 January 1994 covering 20°- 
40°N in the western Atlantic Ocean. (Figure B2 shows 
the AVHRR infrared window image for 6 January 
1994.) FOVs with clouds tops below 700 hPa are not 
included in the comparison because the C02 slicing 
algorithm is not used below that altitude. These data 
include subtropical clouds, high clouds from a cold 
front, and post-cold-frontal clouds. 

Three-fourths of the HIRS C02 cloud observations 
are found to be completely cloud covered in the 
AVHRR data (NA between 0.90 and 1.00). This is in 
good agreement with the work of Baum et al. (1992), 
where 60% of the HIRS FOVs were found to be com- 
pletely cloud covered in the AVHRR data. The re- 
maining one-fourth of the HIRS cloudy FOVs, where 
NA is less than 0.90, have NeH less than 0.45. It appears 
that for thick cloud (NeH > 0.50), the FOV is always 
completely cloud covered (NA - 1.0); for thin cloud 
(NeH < 0.50), the FOV is almost always more than 
half covered with cloud (0.50 < NA < 1.0). Wielicki 

oo   o   oo- oooo ODOOOO axn^pa) tnD(Doar*aoo   o 

APPENDIX B 

Comparison of AVHRR and HIRS Cloud Fractions 

In classifying transmissive cloud observations where 
the HIRS radiometer detects radiation from below a 

HIRS Effective Emissivity   (%) 

FIG. Bl. Plot of AVHRR cloud fraction NA (determined from in- 
frared brightness temperature comparison to surface temperature 
within a collocated HIRS FOV) versus the HIRS C02 slicing effective 
emissivity Ne„ for 6 and 12 January 1994 over the Atlantic Ocean. 
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FIG. B2. AVHRR infrared window image from 6 January 1994 
over the Atlantic Ocean from which the cloud fraction versus effective 
emissivity study was made. HIRS C02 cloud pressures are indicated 
in hPa divided by 10. 

and Parker (1992) also found that cirrus clouds have 
considerable spatial coherence and that most of the 
effect of sensor resolution is very weak on cirrus cloud- 
cover estimates. 

Figure B1 confirms the assertion that cloud emissiv- 
ity and not cloud fraction is the dominant parameter 
in FOVs observed to have transmissive clouds. If cloud 
fraction N dominates and emissivity e of the cloud is 
not significant in the C02 slicing determination, then 
all points would lie on the NA = Nen line. If 6 variation 
from FOV to FOV dominates N variation, then the 
points would lie on or close to the NA = 1.0 ordinate 
line. Clearly, for 0.5 < NtH < 1.0, the cloud emissivity 
is the dominate cause of semitransparency. Cloud frac- 
tion causes little change in observed radiance from one 
FOV to another. For 0.0 < NtH < 0.5, the cloud emis- 
sivity is the major cause, but cloud fraction is respon- 
sible for some of the variation. 

APPENDIX C 

Comparison of the NOAA/HIRS and the GOES/ 
VAS Cloud Analyses 

The C02 slicing technique has been used to process 
cloud parameters with GOES-VAS data for four years 
prior to the start of the NOAA/HIRS analysis reported 
here [see Wylie and Menzel (1989) and Menzel et al. 
(1992)]. The GOES-VAS algorithm uses the same 
equations as shown in appendix A. However, there are 
differences in the data and methods used in handling 
of the data. 1) The GOES-VAS has three bands in the 
C02 absorption region of the spectrum, whereas the 
HIRS has four bands; the VAS does not have the 13.7- 

pm band that has additional midlevel sensitivity. 2) 
The GOES-VAS FOV (10 X 10 km) is smaller than 
the HIRS FOV (20 X 20 km); the VAS algorithm av- 
erages three FOVs for each cloud determination rep- 
resenting a 300-km2 observation area and a sample 
noise of roughly 0.8 mW m"2 ster-1 cm, while the 
HIRS algorithm uses a single FOV representing a 400- 
km2 observation area with sample noise roughly 0.2 
mW m~2 ster~' cm. 3) Surface topographic heights are 
used in the HIRS algorithm, while they are not in the 
VAS algorithm; the surface pressure in Eq. (5) of ap- 
pendix A is determined from topography for the HIRS 
solutions, while all VAS solutions assume a surface of 
1000 hPa. This affects the VAS results over the Rocky 
Mountains by 50 hPa or less. 4) A separate sea surface 
temperature analysis is used in the HIRS processing, 
while the VAS processing uses the same MRF model 
surface temperature analysis both over land and water. 
The VAS land surface temperatures are corrected using 
the Service A hourly reports, whereas the HIRS are 
not. This will affect the determination of low cloud 
with the window band, but it will have almost no effect 
on C02 algorithm solutions since only one of the bands 
sees the ground. 

Single FOV comparisons of HIRS and VAS cloud 
parameter determinations are attempted. For several 
days during the 1986 FIRE (First International Satellite 
Cloud Climatology Project Experiment) in transmis- 
sive cloud conditions, over 100 collocated single FOV 
observations within 15 min were accomplished. Carbon 
dioxide slicing cloud heights determined by the HIRS 
are 20 hPa larger (lower altitude) on average than those 
from the VAS in the single FOV comparison; effective 
emissivities average 0.05 higher on the VAS than the 
HIRS. Fluctuations are on the order of 100 hPa for 
cloud-top pressure and 0.30 for effective emissivity. In 
this single FOV study, the VAS and HIRS cloud pa- 
rameters compare within the estimated errors (Menzel 
et al. 1992). However, these results, while reassuring, 
must be viewed with some caution. Collocation over 
the same cloud element is very difficult as the satellite 
sensors have different FOVs, viewing times, and view- 
ing angles. 

A more meaningful comparison of HIRS and VAS 
cloud analyses is the seasonal average of the frequencies 
of cloud observations over North America for the four 
years of the HIRS study (June 1989 to May 1993). 
Table Cl shows the summary of the four winter seasons 
(December, January, February) and four summer sea- 
sons (June, July, August) of the HIRS cloud obser- 
vations covering the North American region (29°N to 
49°N and 70°W to 130°W) as well as the correspond- 
ing seasonal summary of the VAS over the same area 
and time period. Both HIRS and VAS find roughly 
the same amount of seasonal cloud cover (70% HIRS 
and 73% VAS in the summer and 76% HIRS and 78% 
VAS in the winter). However, HIRS reports more 
transmissive cirrus in both winter and summer, 45% 
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TABLE Cla. The HIRS cloud cover in the boreal summer from all 
four years (June 1989-May 1993) over North America (29° to 49°N, 
70° to 130° W). Here Ne refers to effective emissivity, and T refers 
to the corresponding infrared optical depth. Numbers are frequency 
of cloud cover; over 600 000 observations are included. 

TABLE Clc. The HIRS cloud cover in the boreal winter from all 
four years (June 1989-May 1993) over North America (29° to 49 °N, 
70° to 130°W). Here Nt refers to effective emissivity, and T refers to 
the corresponding infrared optical depth. Numbers are frequency of 
cloud cover; over 600 000 observations are included. 

None 

Effective emissivity 
(IR optical depth) 

High 
Midd 
Low 

Level None 

Effective emissivity 
(IR optical depth) 

Thick 

Opaque 

Ne > 0.95 
T>3.0 

Thick 

Thin         0.5 < Ne Thin         0.5 < Ne Opaque 
< o.yi 

Ne < 0.50      0.7 < T 

r < 0.7         < 3.0 Level 

<0.95 
Ne < 0.50      0.7 < T 

T < 0.7         < 3.0 
Ne > 0.95 
T>3.0 

High < 400 hPa 
Middle < 700 hPa 
Low < 1000 hPa 

Total 
30 
30 

(Clear) 

9                9 
9                8 
0                0 

35 
(Cirrus) 

6 
8 

21 
35 

(Opaque) 

< 400 hPa 
Ie < 700 hPa 
< 1000 hPa 
Total 

24 
24 

(Clear) 

9                 12 
9                 15 
0                  0 

45 
(Cirrus) 

5 
12 
14 
31 

(Opaque) 

HIRS to 33% VAS in winter and 35% HIRS to 27% 
VAS in summer. In particular, HIRS has 10%-15% 
more midlevel (400-700 hPa) transmissive observa- 
tions than the VAS. On the other hand, VAS has 10% 
more low-level opaque cloud observations. This is 
caused primarily by the larger noise in the VAS sensor 
that inhibits C02 slicing solutions for smaller cloudy 
versus clear radiance contrasts and identifies the cloud 
as low opaque in the infrared window solution. 

The geographical distribution of the probabilities of 
high clouds above 500 hPa in each season computed 
from VAS and HIRS are presented in Fig. Cl. The 
cloud cover patterns are similar. In the winter, both 
the HIRS and VAS show higher probability of cloud 
cover over the Pacific Northwest, the Rocky Moun- 
tains, and along the Gulf of Mexico and the eastern 
shore (40%-60%), while they indicate a lower proba- 
bility (20%-40%) in the southwest over Baja Mexico. 

There is some disagreement in the northeast where 
VAS sees 20% more clouds than HIRS; this may be 
attributed to the large viewing angle of the VAS. In the 
summer, the cloud cover reduces (down by 20%) along 
the West Coast and in the southern states, but it persists 
in the Rocky Mountains and along the eastern shore 
in both HIRS and VAS. Again there is disagreement 
in the Northeast, where HIRS now sees 20% more 
cloud. Some of the moderate disagreement in both 
seasons over the oceans can be attributed to the dif- 
ference in the sea surface temperature analysis used 
for HIRS versus VAS (as mentioned above). 

In summary, the HIRS finds more midlevel (400- 
700 hPa) transmissive clouds and fewer low-level 
opaque clouds than the VAS but agrees with it in over- 
all cloud reports. The geographical distribution of cloud 
reports from HIRS is similar to that from VAS, es- 
pecially when a small VAS view angle is maintained. 

TABLE Clb. The VAS cloud cover in the boreal summer from all 
four years (June 1989-May 1993) over North America (29° to 49°N, 
70° to 130°W). Here Ne refers to effective emissivity, and T refers to' 
the corresponding infrared optical depth. Numbers are frequency of 
cloud cover; over 2 200 000 observations are included. 

TABLE Cld. The VAS cloud cover in the boreal winter from all 
four years (June 1989-May 1993) over North America (29° to 49°N, 
70° to 130°W). Here Ne refers to effective emissivity, and T refers to' 
the corresponding infrared optical depth. Numbers are frequency of 
cloud cover; over 2 600 000 observations are included. 

None 

Effective emissivity 
(IR optical depth) 

Level None 

Effective emissivity 
(IR optical depth) 

Thick 

Opaque 

Ne > 0.95 
r> 3.0 

Thick 

Thin         0.5 < Ne Thin         0.5 < Nt Opaque 
<U.9J 

Nt < 0.50      0.7 < T 

r < 0.7           < 3.0 Level 

<0.95 
Ne < 0.50      0.7 < T 

T < 0.7         < 3.0 
Ne > 0.95 
7>3.0 

High < 400 hPa 
Middle < 700 hPa 
Low < 1000 hPa 

Total 
27 
27 

(Clear) 

10                12 
2                 3 
0                 0 

27 
(Cirrus) 

3 
10 
33 
46 

(Opaque) 

High < 400 hPa 
Middle < 700 hPa 
Low < 1000 hPa 

Total 
22 
22 

(Clear) 

10                15 
2                 6 
0                 0 

33 
(Cirrus) 

4 
20 
21 
45 

(Opaque) 
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FIG Cl The frequency of high cloud observations (cirrus and 
opaque above 500 hPa) reported by VAS and HIRS during four years 
(June 1989 to May 1993) in the boreal winter months (December, 
January, and February) and in the boreal summer months (June. 
July, and August). Gray shades indicate changes of 20%. 
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Abstract 

Optical depth measurements of transmissive cirrus clouds were made using coincident lidar 

and satellite data to improve our interpretation of satellite cloud climatologies. The University of 

Wisconsin High Spectral Resolution Lidar was used to measure the optical depth of clouds at a 

wavelength of 532 nm while the GOES and AVHRR window channel imagers provided 

measurements at a wavelength of 10.8 microns. In single layer cirrus clouds with a visible optical 

depth greater than 0.3, the ratio of the visible to the IR optical depth was consistent with the 

approximate 2:1 ratio expected in clouds comprised of large ice crystals. 

For clouds with visible optical depths < 0.3, the Visible/I R ratios were nearly always < 2. 

It is likely that this reflects a measurement bias rather than a difference in cloud properties. 

Most cirrus clouds observed in this study were more than 1 km thick and were often 

comprised of multiple layers. Super cooled liquid water layers coexisted with the cirrus in 32% of 

the cases examined. In many of these cases the presence of water was not evident from the 

satellite images. Thus, it must be concluded, that "cirrus" climatologies contain significant 

contributions from coexisting scattered and/or optically thin water cloud elements. 
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1. INTRODUCTION 

Predictions of global warming from the increase of C02 in the atmosphere have lacked 

credibility due to the need to assess the contribution of clouds to the radiation budget (Stephens, 

1994, Liou, 1980, and Paltridge, 1980). Cirrus clouds, in particular, have the ability to either offset 

the C02 warming or contribute to tropospheric warming through interaction with solar and 

terrestrial radiation passing through the clouds. Thin partially transmissive cirrus in the upper 

troposphere can add to tropospheric warming by transmitting solar radiation while capturing 

terrestrial radiation from below and re-radiating to space at a colder temperature. Thick cirrus 

and multiple layer cirrus, where water clouds are present under the cirrus, produce highly 

reflective cloud combinations that can raise the albedo and reduce the solar insolation. 

Predictions of climate changes must ultimately include the effects of these clouds on radiative 

transfer processes. However, Stephens et al. (1990) point out that the effect of clouds on the 

earth's radiation budget is not understood because of the lack of data. 

Global cloud and radiation data sets are presently being collected from satellites. The 

International Satellite Cloud Climatology Project (ISCCP, Schiffer and Rossow, 1983, and Rossow 

and Schiffer, 1991) has measured cloud cover and radiation for 11 years using the operational 

weather satellites. Wylie et al. (1994) have studied cirrus clouds from four years of NOAA polar 

orbiting satellite data, also Woodbury and McCormick (1983) have made a similar analysis of 

global cirrus from the SAGE II data on the NIMBUS-7 satellite. 

Inter-annual changes in cloud cover have been found. The Wylie et al. (1994) study 

reported an increase in cirrus with the recent El Nino-Southern Oscillation (ENSO) that began in 

1991. A similar change in cloud cover in the 1982-83 ENSO was also found by Weare (1992) using 

the NIMBUS 7 data set. These studies indicate that cloud cover is linked to climatic fluctuations. 

Estimates have been made of the effect of lower tropospheric clouds on the earth's heat 

budget by Tselioudis et al. (1992) using ISCCP data, but similar calculations for upper 

tropospheric clouds have not been attempted because of the complications of estimating the 
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effects of both the visible and infrared radiative processes together. Cirrus clouds affect both 

infrared and solar radiative transfer through the atmosphere while the lower tropospheric clouds 

studied by Tselioudis et al. (1992) affect mainly solar radiation. 

The satellite cloud climatologies have been restricted to either visible or infrared data. 

Wylie et al. (1994) and Weare (1992) used longwave infrared data while the ISCCP used visible 

sensors for detecting transmissive clouds. Infrared data is also used by the ISCCP to detect non- 

transmissive clouds and assign cloud heights, but the radiative properties of cirrus are calculated 

from the visible data. None of these climatologies have calculated the visible and infrared 

properties of clouds simultaneously. 

The satellite cloud climatologies also are constrained to reporting only one level for the 

clouds and do not define the vertical depth of the clouds, the vertical profile of visible extinction, 

or infrared absorption. Attempts have been made to identify multiple cloud levels from satellite 

data. However, these algorithms require a priori knowledge of the vertical profile of the cloud to 

obtain unique solutions. The single value representing the cloud level is the only unique solution 

that can be obtained without information in addition to the satellite radiance observations. In very 

dense clouds, the cloud level derived from the satellite data is very close to the cloud top. For 

partially transmissive clouds, a lower level is given. 

To use the global cloud climatologies produced from satellite data, we need to understand 

how they represent complicated cloud forms. We know that complicated situations with multiple 

level clouds are very common. A comparison of satellite cloud retrievals to ground based National 

Weather Service observations over the continental United States found that low and middle 

tropospheric clouds were present in 52% of the cases where the satellite cloud detection system 

found an upper tropospheric cloud (Menzel et al., 1992). Similar frequencies of multiple cloud 

layers over oceans are shown in Hahn et al. (1982). Lidar data collected at the University of 

Wisconsin-Madison (Figure 1) found that cirrus are often geometrically thick reaching depths up 

to 5 km. Thus, we expect that cirrus are more complicated than the assumed thin single layer 

model used in the cloud retrieval algorithms. 
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Because of the uncertainty of what satellite cloud retrievals represent, we collected a data 

set of high quality lidar observations with coincident satellite data. The purpose of this study is to 

assess the applicability of the single cloud height and optical depth derived by one satellite cloud 

climatology and evaluate how this information should be used. The cloud analysis method 

examined here will be the one used in the climatology of Wylie et al. (1994) called the C02 Slicing 

Method. This climatology uses multispectral infrared data from 10.8 to 15 microns wavelength. A 

cloud level is calculated from the 13 to 15 micron measurements of the High Resolution Infrared 

Radiometer Sounder (HIRS) on the NOAA polar orbiting satellites. An optical depth at 10.8 

microns in the infrared also is derived from the same satellite data. This study compared satellite 

derived infrared optical depths to the visible wavelength optical depths and vertical profiles of 

extinction derived from a ground based lidar. 

2. MEASUREMENT TECHNIQUE 

This study was initiated in 1989 using the unique measurement systems at the University of 

Wisconsin-Madison (Ackerman, et al., 1993). Visible optical depths of cirrus were obtained from 

the High Spectral Resolution Lidar (HSRL) while infrared optical depths were obtained from 

satellite data so that the information collected could be related to the cirrus climatology of Wylie 

et al. (1994). 

2.a. The HSRL 

In order to make reliable measurements of the extinction profile, the HSRL measures two 

signals from the 0.532 yum transmitted pulse which can be processed to yield separate lidar returns 

for aerosol and molecular scattering. This separation is possible because the spectrum of the 

molecular lidar return is Doppler broadened by the thermal motion of the molecules while the 

slow moving aerosol particles generate negligible spectral broadening. The molecular scattering 

cross section is a function of molecular density and can be calculated from Raleigh scattering 

theory and an independently measured temperature profile. The HSRL then uses molecular 

scattering as a calibration target which is available at each point in the lidar return. 
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Two lidar returns are derived; these are given by the following equations for the signal 

power received from molecular scattering, POT(r), and aerosol scattering, Pfl(r): 

cA 3 
P«00 = Eo -%! ßm(r) ^ exp(-2r(r)) (1) 

P» = E0 % ßa(r)   ^ exp(-2r(v)) (2) 

Eo = Laser pulse energy, J. 
c = Speed of light, ms_1. 
Ar = Collecting area of the receiver, m2. 
r = Range to the scattering volume, m. 
ßa = Aerosol scattering cross section per unit volume, nr1. 
ßm = Scattering cross section per unit volume for air molecules, nr1. 
P(7r,r) ,,    , , 1 
—-——  = Aerosol backscatter phase function, sr1. 

r      = Optical depth. 

Equation 1 contains two unknowns: the optical depth between the lidar and the scattering 

volume, r(r), and the molecular scattering cross section, ßm(r). Molecular scattering is described 

by the Raleigh scattering equation and is directly proportional to atmospheric density, p(r). 

An(0 = Cp(r) 

Thus if we define a range-squared, energy corrected molecular lidar return: 

Sw(r) = Pw(r)r2/E0 

ln[Sm(r)] = constant + ln[p(r)] -2r(r) 

The optical depth between any two ranges, r and r0, is given by: 

r(r) - r(r0) = 0.5 ln[p(r)/p(r0)\ - 0.5 ln[Sm(r)/Sw(r0)] (3) 

The average extinction cross section in a layer between r0 and r can be computed from equation 3: 

^r7j"=[r(r)-r(r0)]/[r-r0] (4) 

More details can be found in Grund and Eloranta (1991) and Piironen and Eloranta (1994). 

2.b. Satellite Infrared Data Analysis 

The satellite cloud analysis of Wylie et al. (1994) assumes that the radiative effects of the 

clouds occur at only one level in the troposphere. This allows a simple calculation of cloud 
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emittance at 10.8 [im, the longwave window channel, from the radiances measured by the satellite 

in the cloudy pixel (Rsat), a clear pixel (Rcij.), and the radiance expected if an opaque cloud were 

present at the pixel (Rcid). 

eji    =     [Rclr-R-sat] / [Rclr"R-cld] (5) 

Rsat was measured from the pixel over the HSRL while Rclr is an estimate of the radiance that 

would have been measured if the cloud was not present. This clear radiance estimate was derived 

from the nearest clear pixel by assuming that the background under the cloud was the same as at 

the location where R^ was taken. Rcid was calculated from the temperature of the mid-cloud level 

using rawinsonde data from the two closest National Weather Service stations, Green Bay, WI, 175 

km to the northeast and Peoria, IL, 225 km to the south. 

To simplify the calculation, the equivalent blackbody temperature to the fourth power (T4) 

was used in place of R. The equivalent blackbody temperature was calculated from the measured 

radiances using the sensor channel spectral response filter functions. The satellite measurements 

are calibrated to both radiance (R) and equivalent blackbody temperature (T). Equation 5 can be 

expressed as: 

£u   =    [T4clr-T4sat]/[T
4
clr-T

4
cId] (6) 

where: 

Tcir  = blackbody brightness temperature for a clear pixel 
Tsat  = equivalent blackbody brightness temperature for a cloudy pixel 
TcU = the air temperature at the mid-cloud height. 

The mid-cloud altitude was determined from the HSRL backscatter vertical profile. This 

approximated the cloud level that the HIRS C02 Slicing analysis reports for transmissive clouds 

(Wylie and Menzel, 1989). 

The emittance (e^) calculated by (6) will be larger than absorption emittance because we 

have not accounted for scattering into the field of view of the sensor. Scattered radiation could 

raise the calculated value of e11 by =0.1 over the true absorption emittance according to the model 

of Platt and Stephens (1980). Moderately transmissive clouds (e=0.50) are affected the most by 
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scattering, while very thin (e=0.00) and very dense clouds (e=1.00) will have little error from 

scattered radiation. 

IR optical depths at 10.8 microns were calculated from the emittances by assuming that 

transmission is the compliment of emission without scattering: 

rt = -ln{\-en) (7) 

The infrared optical depths were corrected for the angle of the satellite view using the cosine of 

the zenith angle. 

3. DATA 

HSRL data were examined for 48 days covering all four seasons. Comparisons were made 

to satellite data on 19 days (see Table 1). NOAA-12 overpasses of Madison, WI were available 

when most of the HSRL data were taken. However, on six days, GOES 7 data were used because 

of the absence of NOAA-12 data. The comparisons were restricted to cases with visible optical 

depths < 3 when the HSRL probed through the entire cloud. Total cloud penetration was 

determined by the presence of molecular backscatter signal beyond the cloud top (Equation 1). 

4. RESULTS 

4.a. Visible and IR Optical Depths 

To compare visible and infrared radiative properties, satellite infrared optical depths from 

Equation 7 were plotted with the HSRL visible optical depths from Equation 3 (see Figure 2). 

The 19 cases covered a variety of transmissive cirrus situations. The clouds were separated into 

three classes; geometrically thin single layers, < 2.5 km altitude, geometrically thick single layers, 

> 2.5 km altitude, and multi-layered clouds. Many of the multiple level cloud cases included a thin 

layer of super cooled liquid water (distinguished by low values of depolarization measured by the 

HSRL) and often included ice crystals precipitating from the layer. Liquid water layers embedded 

in cirrus were found on 32% of the 48 days that the HSRL collected cirrus data. Liquid water also 

was present on 6 of the 19 days compared to satellite data (see Table 1). 
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Error estimates for both the HSRL and satellite optical depth measurements are also 

included in Figure 2. For the visible optical depth (horizontal bars) the error was computed from 

an analysis including photon counting statistics, error in the observed density profile, and error in 

system calibration. For the satellite infrared optical depths (vertical bars), the error was estimated 

by assuming a 2 K error in each variable in Equation 6. This is our estimate of the maximum 

uncertainty in determining the clear equivalent blackbody temperature (Tclr) and the cloud 

temperature (Tcld). The largest sources of clear radiance errors were spatial gradients in the land 

surface, low level aerosol gradients and water vapor gradients between the location of the HSRL 

and where Tclr was obtained. The largest source of Tcld error was the air temperature gradient 

between the location of the HSRL and the rawinsonding. The satellite radiometric measurements 

are calibrated to 0.8 K which is a far better accuracy than the other error sources. The location of 

the HSRL in the satellite images was also determined to an accuracy of < 1 pixel using navigation 

adjustments from rivers and lake shorelines. 

4.b. Single Layer Cirrus 

An example of a single layer cirrus cloud is shown in Figure 3 from 26 October 1993. The 

cirrus cloud was found to be between heights of 9 and 11 km and was fairly uniform in the vertical 

dimension and in time as seen in the lidar time section. The NOAA satellite image (Figure 4) 

showed very uniform conditions around the HSRL (black dot on the image). Brightness variations 

in the satellite image around the HSRL span a range of only 2 K in equivalent blackbody 

temperature. The visible optical depth was 0.5 at the time of the NOAA overpass (0:30 UT). The 

satellite infrared optical depth was found to be 0.28, yielding a r^/r^ ratio of 1.8. 

The IR optical depth, rir, may have been over estimated because we assumed the low level 

aerosol layer from 0-3.2 km altitude found by the HSRL (Fig. 3) was present where Tc]j- was 

measured 150 km to the southeast on the satellite image (Fig. 4). The cirrus over the HSRL was 

part of a large air mass moving from the southwest to the northeast. This air mass did not cross 

the HSRL so we did not measure the aerosol optical depth in it. We assumed its presence because 
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of the reduction of spatial detail of land features in this area from other images. If the low level 

aerosol and accompanying water vapor were not present where Tclr was measured, then T-„ was 

over estimated. 

4.C. The Effects of Multiple Cloud Layers 

Multiple layers of clouds were very common during this study. Six cases of multiple layered 

clouds were examined. One example is shown in Figure 5 for 11 November, 1993 when the cirrus 

was changing during the HSRL observation. Initially, only one layer of cirrus from 7 to 10 km was 

present; then at 1:15 UT a second layer appeared. Depolarization measurements by the HSRL 

indicated that the intense backscatter levels (solid white) were liquid water particles while the rest 

of the cloud was ice. Visible optical depths were from 0.4-0.6 in the upper layer. The optical 

depths increased to 1.0 at the NOAA overpass at 1:30 UT because of the addition of the lower 

cloud layer. After 1:40 UT the visible optical depth exceeded 3.0, the maximum measurable by the 

HSRL. 

The NOAA-12 IR image in Figure 6 also shows this change as cold and dense clouds 

moved in from the west. Striations in the satellite image indicate the possible existence of two 

cloud layers. To the east (down wind) a northwest-southeast pattern of striations is faintly visible 

in Figure 6. While the colder area to the west (up wind) has a southwest-northeast striation 

pattern orthogonal to the pattern east of the HSRL. Both patterns are skewed to the westerly 

wind. Our first impression of this image was that the cloud field changed from low to high clouds, 

while the HSRL data revealed an opposite change from a single continuous high cloud layer to the 

addition of a second lower cloud layer. 

The liquid water layer dominated the optical depth of the combined cirrus layers after 1:30 

UT on the HSRL. The upper ice cloud maintained a nearly constant optical depth of 0.4-0.6 until 

01:40 UT when the HSRL could no longer penetrate through the water layer. 

The satellite measured equivalent blackbody temperature decreased from 262 K before the 

lower layer formed (to the east in the image), to 253 K at the HSRL location. In the dense two 
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layer cloud it dropped to 243 K at 30 km west of the HSRL in the image. At 01:00 UT on 11 

November when the single cirrus layer was present at a mean height of 8.5 km, the infrared optical 

depth calculated from Equations 5 and 6 was 0.25 using Tsat=262 K. 

The response of the multi-spectral HIRS algorithm to the cloud structures observed by the 

HSRL was simulated for the satellite over pass at 01:30 UT, 11 November, 1993 and when the 

lower water layer first obscured the HSRL at 1:40 UT. The simulations calculated what the HIRS 

channels would have seen given the temperature structure and the infrared emittance and 

transmittance of each cloud layer. HIRS data were not available at the location of the HSRL. The 

HIRS pixels do not overlap and contain gaps between pixels that are about the same dimensions as 

the Field Of View (FOV) of the HIRS channels. For accurate comparisons to the HSRL, 

radiative data must come from the location of the HSRL. Spatial variance of the clouds can cause 

large errors. These errors are discussed in detail in section 4d. 

The radiance received by each HIRS channel was estimated using a simple model of two 

non-scattering cloud layers. 

ii = JpiB[i; 

+ 

piB[i,T(p)]{dSi(p)/dp}dp + S^pl^B^tpl)] (8) 

(l-«l)[ JP2B[i,T(p)]{dSi(P)/dp}dp + Si(p2)€2B(i,T(p2)]] 

fP2 

+ (l-ei)(l-62)[ JpSfcB[i,T(p)]{dSi(p)/dp}dp + Si(sfc)B(i,T(sfc)]] 

Where: 
B[i,T(p)] = the Planck function for spectral channel (i) and temperature T(p), 
Sj(p)     = the transmittance of the radiation from pressure level p through 

the top of the atmosphere and 
ex = the emittance for cloud layer x. 

The emittance (e) for each cloud layer was approximated from the HSRL measurements of the 

visible optical depth of the layer. The infrared optical depth was assumed to be one half of the 

visible optical depth for each cloud layer and the emittance (e) was derived from Equation 7. 

The approximated radiances for the HIRS channels were used in the algorithm described 

by Wylie et al. (1994) for determining a single cloud level. This cloud level was then used to obtain 
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Tcl(j from the rawinsonde data. With a new Tdd and the measured Tsat and Tclr, Equations 6 and 7 

were re-applied to give an estimate of what the HIRS algorithm would have derived for the cloud 

altitude and infrared optical depth (r „•). Note that this calculation used a combination of satellite 

measured equivalent blackbody temperatures, Tsat and Tclr and a new temperature for the 

approximate single cloud level, Tcld. 

The two cloud layers observed at 01:30 and 01:40 UT, presented a problem to the basic 

assumption used in satellite cloud retrievals - the single level description of the cloud. The 

expected response of the multi-spectral HIRS C02 Slicing cloud retrieval algorithm used by Wylie 

et al. (1994) to multi-layered clouds is that it would place the single cloud height between the two 

layers (Wielicki and Coakley, 1981 and Menzel et al., 1992). When one cloud layer has greater 

optical depth than the other, the multi-spectral HIRS C02 Slicing cloud height solution is expected 

to move toward the denser layer. An exception to this trend occurs when the top layer is nearly 

opaque and obscures the view of the lower layer, forcing the C02 Slicing solution into the top 

layer. 

Attempts have been made to extract more than one cloud level from the multi-spectral 

HIRS data. However, the solution of the radiative transfer model for the HIRS channels requires 

the integral of the radiation over a broad depth of the troposphere. Altitude sensitivities of the 

channels are broad and overlap. Each HIRS channel receives radiation from 3-5 km of the 

troposphere. To solve for more than one cloud level, the vertical profile of the clouds must be 

determined. Since each HIRS channel sees the integral of the radiation over a large depth of the 

troposphere, a wide variety of cloud structures could be present from which no unique solution can 

be made. The only tractable solution for the HIRS data is one cloud level. 

At 1:30 UT the HIRS radiances were calculated from Equation 8 using two cloud levels at 

5 and 8.5 km. The visible optical depth of each layer measured by the HSRL was 0.5 totalling 1.0 

for the combination. Infrared emittances were calculated to be 0.22 for each layer by assuming 

that the infrared optical depths were one half of the visible HSRL measurements and using 

Equation 7 to derive emittances. A single cloud height of 7.1 km was calculated from the C02 
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Slicing algorithm (Wylie et al, 1994) using the radiances calculated by Equation 8. This estimate 

of the cloud height is between the two cloud layers. The infrared optical depth calculated from 7.1 

km cloud height and the AVHRR measured Tsat = 253 K, was 0.8. 

At 1:40 UT when the total optical depth reached the maximum observable by the HSRL, 

Equation 8 was employed to estimate HIRS radiances. The upper cloud layer remained at the 

same optical depth as measured at 1:30 UT (0.5) and the lower cloud layer was 3.0. The C02 

Slicing single cloud level solution was 6.5 km, lower than calculated at 1:30 UT. 

This is an example of how the HIRS C02 Slicing single cloud level solution used by Wylie 

et al. (1994) responds to multiple level clouds. The technique is constrained to reporting only one 

cloud layer. For one layer of transmissive cirrus, it places the cloud level near the center of the 

layer as predicted by Wielicki and Coakley (1981). Similar results for a previous comparison with 

lidar data were reported in Wylie and Menzel (1989). For two layers, the HIRS solution was 

between the layers, but displaced toward the denser layer. 

4.d. The Effects of Vertical and Horizontal Variability 

Most of the variations in the optical depths came from horizontal variations in the cirrus 

clouds. An example on 2 September, 1993 is shown in Figure 7. The NOAA-12 satellite image 

from the 01:36 UT overpass (Figure 8) shows a small and narrow cirrus cloud which is partially 

over the HSRL (dot in the image). This cloud moved east on a 75° heading. Only part of it 

crossed the HSRL. Larger clouds up wind crossed the HSRL at 01:55 UT. This is an example of 

how spatial variability affected the lidar-satellite comparison. The visible optical depth at the time 

of the satellite overpass was 0.2 while the infrared optical depth at the presumed HSRL location 

was 0.05 yielding rViS/rir=4, larger than expected. The satellite equivalent blackbody temperature 

was taken in a gradient region where any error in location could raise or lower its value. Also, for 

horizontally small and narrow clouds, the larger size of the satellite radiometer's FOV may have 

averaged more cloud area with less cloud optical depth than that viewed by the HSRL. 
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Another example of a variable cloud situation was found on 15 April, 1994 (see Figures 9 

and 10). The HSRL image of backscatter cross section (Figure 9) showed large variations in the 

optical depth with time while the NOAA-12 AVHRR image (Figure 10) showed cirrus clouds with 

a variety of shapes. An elongated cloud partially covered the HSRL at the time of the satellite 

overpass (00:49 UT) and moved toward the northeast on a 80° heading. There were at least two 

layers of cirrus as indicated in Figure 9. The lower layer was more dense but highly variable in 

nature and contained some super cooled water. The upper layer was very thin and composed 

entirely of ice. The visible optical depth was 0.75 while the infrared was 1.07, higher than expected 

(Wrir=0.7). 

To statistically estimate the errors of FOV size differences and possible miss-registration 

of the satellite image, data from the Volume Imaging Lidar (VIL) were examined. This is a 1064 

nm Nd:YAG lidar with an optics system that scans from horizon to horizon. It was operated on 1 

December, 1989 for two hours when transmissive cirrus were present. The VIL performed a pair 

of scans in 2 minute cycles. The cycle consisted of an across the wind scan (north to south) 

followed by an along the wind scan (east to west). Examples of images made from these scans are 

shown in Figures 11 and 12. The cross wind scans are the upper panel and the along wind scans 

are the lower panel. 

The two hour period from 19:30 to 21:30 UT (13:30 to 15:30 CST) began with light broken 

cirrus to the north and one line of precipitating cirrus to the south (see Fig. 11). The cirrus to the 

north were in small patches at a variety of levels from 6.5 to 9 km in altitude. Light virga were 

observed. One large contrail appeared at 7.7 to 8.5 km altitude, 15 km south of the VIL (center 

point). A dense line of precipitating cirrus was also found 30 to 43 km south of the VIL. About 75 

minutes later dense cirrus moved over the VIL (Fig. 12). A nearly continuous cloud from 6.5 to 

9.3 km altitude was present within most of the range of the VIL. Some optically dense layers were 

found at 7 and 9 km. 

To quantify the effects of cloud spatial variability on scanning method and FOV size, the 

backscatter measured by the VIL was vertically integrated from the series of slant angle scans in 
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each cross section. Although the backscatter to extinction relationship may not be simple, we can 

assume that the backscatter is nearly linearly related to extinction for these optically thin clouds. 

The vertical integral of backscatter through the cloud is proportional to the optical depth of the 

cloud when the optical depth is small. The effect of this simplification is that the optical depth 

structural variations are most likely larger than the backscatter structural variations that are shown 

in Figures 13 and 14. 

The cross wind scans were used to describe the areal structure of the cloud. Wind 

advection through each scan implied that the clouds were sampled at approximately 3 km intervals. 

Since the VIL cross sections have 100 m resolution along the scan, the cloud volume was sampled 

with a resolution of 0.1 x 3 km. 

To estimate the effects of cloud structural variance on the averaged vertically integrated 

backscatter, two spatial averages were made. One average was obtained from the cross wind scans 

using wind advection to represent the satellite's spatial sampling. The other average was obtained 

from the along wind scans to represent the sampling of a vertically pointing lidar that uses wind 

advection for cloud sampling. Each average was constructed for simulated satellite FOV 

diameters of 1, 4, 8 and 20 km. The along wind scans have only the width of the lidar beam ( < 1 m) 

and thus the average is a line sample. The difference between these two averages of vertically 

integrated backscatter was used to approximate the sampling error between the satellite and 

stationary lidar sensors. This error is expressed as a fraction of the along wind lidar average in 

Figures 13 and 14. To estimate the possible error from mis-registration of the satellite image, the 

cross wind sampled segment was shifted from the center position of the VIL, see Figures 13 and 

14. 

The error between line and areal averaged measurements at 0.0 km displacement ranged 

from 5 to 29% (left most point in Figures 13 and 14). It was higher for the light and scattered 

cirrus simulating a 20 km FOV (Figs. 11 and 13) than the smaller simulated FOVs and the denser 

cirrus (Figs. 12 and 14). In the denser cirrus, the line vs. area sampling error ranged from 20 to 25 

% (Fig 14). 
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The misalignment test shows that the area-line error increases with cross wind 

misalignment. The light cirrus (Fig. 13) have very large errors because of the spacing between 

cirrus features of 12-20 km and close alignment of the structures with the direction of the wind. 

The error or difference from the cross wind average often exceeded the along wind average (error 

> 100 %). These errors were smaller in the denser cirrus (Fig. 14). Operational satellites often 

have image registration errors of 12 to 20 km. A 12 km misalignment when compared to a ground 

based sensor can cause an error of 50 % or greater. For larger FOV sizes of 8 and 20 km, this 

error decreases slightly. Because of this problem, special effort was made to align the satellite 

images to a one pixel accuracy. Methods for making alignment corrections are described in 

Krasnopolsky and Breaker (1994). 

5. DISCUSSION 

For the six single layer cloud cases where visible optical depths exceeded 0.3 and infrared 

optical depths exceeded 0.15, an average TVJTIT of 2.06 was found. The error analysis shown by the 

error bars in Figure 2 imply a possible measurement error of ±0.77 in this ratio for individual 

cases. The error of the mean ratio of the six cases is ±0.36. Other studies by Platt (1979), Platt et 

al. (1987) and Minnis et al. (1990) have found similar relationships from simultaneous 

measurements of the visible and infrared properties of cirrus clouds. 

More variability in the lidar-satellite comparison (T^/T^, Fig. 2) was found in multiple 

layered clouds and optically thin clouds. The major problem was differing methods of scanning the 

clouds between the lidar and satellite sensors. The high spatial variability of the clouds affected 

each sensors representation of the clouds. The Volume Imaging Lidar showed that the thin line 

sampling of the HSRL vs. the areal scan of the satellite sensors could cause differences of 20-25% 

in measurements of the same variable. Any mis-registration of the location of the HSRL in the 

satellite image caused potentially larger errors and had to be corrected in this study. The initial 

evaluation of the HSRL and satellite data had more scatter than shown in Figure 2. This gave the 

impression that variations in cloud structure and microphysical content were causing variations in 
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the visible-infrared optical depth relationship. Re-analysis of the data with an intensive effort to 

remove location uncertainties reduced the scatter in Figure 2. 

The satellite measurement of T-„ for optically thin clouds {T^< 0.3) also had a bias because 

of the way in which the numerator of Equation 6 (T4
c]r-T

4
sat) was evaluated. This required a 

measurement of the difference between the clear and cloudy equivalent blackbody temperatures in 

the satellite image. For optically thin clouds, variations in the underlying land surface were of 

nearly the same magnitude as (T^-T^). The precision and noise characteristics of the satellite 

sensors require that the numerator terms in Equation 6 be at least 0.8 K different (Tclr-Tsat > 

0.8K) for the cloud to be distinguished on the satellite image. Variations in the background under 

the cloud cause even larger variations in the measured equivalent blackbody temperatures. Other 

blackbody temperature variations come from variability in the clouds, as previously discussed, and 

the possibility of the cloud covering only part of the sensor's FOV. Because of these problems, we 

required Tclr-Tsat > 2 K before calculating r-n. Any smaller blackbody temperature differences 

(Tclr-Tsat < 2 K) were considered to be below our cloud detection limit. This detection limit is 

similar to the quality control editor used by Wylie et al. (1994). Wylie and Menzel (1989) 

estimated that 50% of the cirrus clouds with r^O.l (7^=0.2) are not detected in their satellite 

data.   This forced a minimum value of TU from 0.04 to 0.1, depending on the level and 

temperature of the cloud. The result of editing for cloud detection errors, is that the detected 

clouds have a non-random error and are biased toward larger r „-. 

In this study we knew that cirrus were present from the HSRL data so we had to find a Tcir 

to solve Equation 6.    Tclr may have been selected from a warmer location than the HSRL to fulfill 

the Tclr-Tsat>2 K requirement. This would have biased TV upward explaining why 7 of the 9 points 

in Figure 2 with T^ < 0.3 have T^/r-a ratios < 2 (above the line). 

Cirrus with rVis> 0.3 best conformed to the single cloud level assumption made by most 

satellite cirrus cloud detection algorithms even though they span depths of 1-3 km. Dense cirrus 

with optical depths r^ > 1 (ja > 0.5), were found to be over 3 km thick and in two or more layers. 
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Vertical variations in optical density were common and liquid water layers were often present 

inside the ice clouds. 

The retrieval of a single cloud level from the HIRS data is useful for approximating 

radiative properties of transmissive clouds. More detail in the vertical would be helpful for the 

development of radiative transfer models. But the satellite data are currently limited to one level 

solutions of transmissive clouds. Satellite data have to be used to study transmissive clouds 

globally and monitor their variations, seasonally and inter-annually. No other data source can 

provide global coverage at this time. 

The cloud altitude calculated from the satellite data is more useful than the cloud top 

height by itself. The original intent of the C02 Slicing algorithm was to find the height of the 

cloud top. The calculated cloud level is more useful because it can be used with the radiances 

measured by the satellite to calculate cloud radiative properties. This can be done only for clouds 

in which infrared transmission is detected in the satellite data and cannot be done for clouds 

opaque to infrared radiation. However, infrared transmissive clouds cover from 35-40% of the 

earth (Wylie et al., 1994) and are a significant component in the earth's heat budget. 

The presence of super cooled liquid water layers in 32% of the 48 days of HSRL data 

which was more frequent than we expected. (This 48 day sample includes 29 days which were not 

compared to satellite data.) The HSRL was operated mostly during NOAA-12 overpasses at dusk 

and after dark when cirrus clouds were apparent from visual observations of the sky. Lower water 

clouds were not present when these data were taken. Thus the presence of liquid water embedded 

in the ice clouds was not anticipated by the HSRL operators. 

6. SUMMARY AND CONCLUSIONS 

Statistics on the frequency, altitude and optical depths of cirrus clouds obtained from 

satellite multi-spectral infrared data (the HIRS) are representative of the general properties of 

these clouds in spite of the limitations of cloud analysis algorithm. The algorithm used by Wylie et 

al. (1994) on multi-spectral HIRS data assumed that all the radiative properties of the cloud 
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occurred at one level in the vertical. Cirrus clouds are seldom found as one thin vertical layer, but 

are thick and often comprised of two or more layers. In spite of the limitation of the one cloud 

level assumption, the single cloud level and infrared optical depth derived from the satellite data 

were indicative of the bulk characteristics of thick cirrus. The cloud level reported was closer to 

the center of the cloud or layers of cloud rather than the cloud top. The infrared optical depth was 

close to the optical depth of the combination of all the layers except for optically thin cirrus where 

infrared optical depths tend to be over estimated. 

Differences between the lidar and satellite measurements of optical depths were mostly 

caused by the differences in the method of scanning the clouds and the horizontal variability of 

these clouds. Cirrus clouds are highly variant spatially in optical density. Large differences in the 

optical depth measurements resulted from the sensors seeing different portions of the clouds. 

Most cirrus clouds observed in this study were more than 1 km thick and often comprised 

of multiple layers. Super cooled liquid water layers coexisted with the cirrus in 32% of the cases 

examined. In many of these cases the presence of water was not evident from the satellite images. 

Thus, it must be expected that "cirrus" climatologies contain significant contributions from 

coexisting scattered and/or thin water cloud elements. 

Cirrus clouds exhibit spatial structure on a wide range of scales. This structure is different 

in the along-the-wind and cross-wind directions. This spatial structure implies that time averages 

of vertical profiles above a point may not provide good estimates of the spatially averaged 

quantities derived from satellite data. This provides a significant source of error in comparisons of 

non-scanning lidar data with satellite observations. 
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TABLE 1: The dates and times of the satellite-lidar comparisons. 

Optical Depth 
Month/Date Visible Infrared 
/Year Time Satellite (Tvis) ('■r) 

08/24/93 01:30 UTC NOAA-12 0.52 0.44 Multiple layers with water 
09/02/93 01:37 NOAA-12 0.20 0.05 Thin and variable 
09/08/93 01:08 NOAA-12 2.10 1.02 Multiple layers with water 
10/02/93 00:51 NOAA-12 2.25 1.30 Thick cirrus 
10/12/93 00:36 NOAA-12 0.91 0.34 Thin 
10/25/93 00:57 NOAA-12 0.06 0.03 Thin and variable 
10/26/93 00:35 NOAA-12 0.50 0.28 Uniform thin layer 
10/28/93 01:32 NOAA-12 1.50 0.74 One thick layer 
11/11/93 01:31 NOAA-12 1.00 0.61 Two layers with water 
02/04/94 00:06, 00:36, 

01:06 and 01:36 
GOES 0.10 0.16 One thick layer 

02/15/94 01:06 GOES 0.08 0.07 Thin layer 
02/17/94 01:06 GOES 0.04 0.08 Thin layer trace of water 
03/04/94 01:06 GOES 0.08 0.11 Thin layer 
03/08/94 01:09 NOAA-12 0.73 0.19 Two layers with water 
03/17/94 01:09 GOES 0.07 0.14 Thin layer 
03/26/94 00:06, 00:36, 

01:06 and 01:36 
GOES 1.32 0.70 Thick layer 

04/07/94 00:22 NOAA-12 0.15 0.20 Thin layer 
04/11/94 00:36 NOAA-12 0.76 0.34 Thick layer 
04/15/94 00:49 NOAA-12 0.75 1.07 Two layers with water 
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Figure 1: The physical thickness vs. the visible optical depth of semi-transparent clouds observed 
by the HSRL in 1993 and 1994. 

Figure 2: Scatter plot of the visible and infrared optical depths measured by the combination of the 
HSRL lidar (visible optical depth at 0.53 pm) and NOAA and GOES satellite data (infrared 10.8 
/zm window channel). The diagonal line is a ratio of 2.0 (visible/IR). Error bars are shown on 
each data point. 

Figure 3: Time-height image of the backscatter cross section ßjt)    y' ' (see Eq. 2) 

from the HSRL (upper panel). The lower panel is the visible optical depth from the integral of 
extinction from 8.5 to 12 km altitude on 26 October 1993. 

Figure 4: NOAA-12 1 km HRPT image from AVHRR Channel 4 (10.8 /xm) from 26 October 1993. 
This image was remapped into an equal distant latitude-longitude projection. The location of the 
HSRL is indicated by the black dot. 

Figure 5: Time-height image of the backscatter cross section ßa(x)     \ ' ' (see Eq. 2) 

from the HSRL (upper panel). The lower panel is the visible optical depth from the integral of 
extinction from 4 to 10 km altitude on 11 November, 1993. The extremely white layers between 5 
and 5.5 km were liquid water as determined from depolarization measurements (not shown). 

Figure 6: NOAA-12 1 km HRPT image from AVHRR Channel 4 (10.8 /an) from 11 November 
1993. This image was remapped into an equal distant latitude-longitude projection. The location 
of the HSRL is indicated by the black dot. 

Figure 7: Time-height image of the backscatter cross section ßa(v)     \ ' ' (see Eq. 2) 

from the HSRL (upper panel). The lower panel is the visible optical depth from the integral of 
extinction from 7 to 11 km altitude on 2 September, 1993. 

Figure 8: NOAA-12 AVHRR Channel 4 infrared image from 2 September, 1993. 

Figure 9: Time-height image of the backscatter cross section ßa(v)     Y' ' (see Eq. 2) 

from the HSRL (upper panel). The lower panel is the visible optical depth from the integral of 
extinction from 3.5 to 11 km altitude on 15 April, 1994. 

Figure 10: NOAA-12 AVHRR Channel 4 infrared image from 15 April, 1994. 

Figure 11: The cross wind (top panel) and along the wind (bottom panel) images of range 
corrected backscatter from the Volume Imaging Lidar for 19:50 UT (13:50 CST) on 1 December 
1989 at Madison, WI. 

Figure 12: Same as Fig. 11 for 20:07 UT (15:07 CST) on 1 December 1989. 
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Figure 13: Error or difference in vertically integrated backscatter for an area vs. a line average, 
plotted as a function of separation distance between the locations of the area and line averaged 
volumes for the period of 19:30 to 20:30 UT, 1 December, 1989. 

Figure 14: Same as Fig. 12 for the period, 20:30 to 21:30 UT, 1 December, 1989. 
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Figure 3: Time-height image of the backscatter cross section ßa{x)    y1 ' (see Eq. 2) 

from the HSRL (upper panel). The lower panel is the visible optical depth from the integral of 
extinction from 8.5 to 12 km altitude on 26 October 1993. 
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Figure 5: Time-height image of the backscatter cross section ßa(r)    y?T' (see Eq. 2) 4ff 
from the HSRL (upper panel). The lower panel is the visible optical depth from the integral of 
extinction from 4 to 10 km altitude on 11 November, 1993. The extremely white layers between 5 
and 5.5 km were liquid water as determined from depolarization measurements (not shown). 
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Figure 7: Time-height image of the backscatter cross section ßa(r)    j      (see Eq. 2) 

from the HSRL (upper panel). The lower panel is the visible optical depth from the integral of 
extinction from 7 to 11 km altitude on 2 September, 1993. 
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0:30 1:00 1:30 2:00 
Time 

Figure 9: Time-height image of the backscatter cross section ßa(r)  P^'r) (see Eq. 2) 

2Z^^i(^i^t?^'loTrpaniJl fa the Visible °Ptical **th from the »te««!of 
extinction Irom 3.5 to 11 km altitude on 15 April, 1994. 
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Figure 11: The cross wind (top panel) and along the wind (bottom panel) images of range 
corrected backscatter from the Volume Imaging Lidar for 19:50 UT (13:50 CST) on 1 December 
1989 at Madison, WL 
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Figure 12: Same as Fig. 11 for 20:07 UT (15:07 CST) on 1 December 1989. 
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